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Table V-Urinary I Excretion by Four Human Volunteers Given 
130 mg/60 kg PO for 5 Days 


Time Interval I Concentration, mg 


2000-0800 13.13 f 2.30 
0800-1200 20.03 f 1.68 
1200-1600 37.44 f 7.31 
1600-2000 29.06 f 9.31 


Excretion, 24 hr 
Percent of administered dose 


89.03 f 15.01 
80.35 f 14.08 


tography was carried out by focusing the instrument on the molecular 
ions of methylated I and trideuteromethylated I occurring at  m/z 197 and 
200, respectively, and on the fragment ions a t  m/z  133 and 136, which 
arise from the loss of sulfurous anhydride from the molecular ions. Figure 
4 shows a typical mass fragmentogram obtained from a human plasma 
extract after I intake. 


During both GLC with flame-ionization detection and mass frag- 
mentography, no interference due to endogenous substrates was observed. 
Good linearity in detector response also was found over a concentration 
range of 50 ng/ml-10 Fg/ml with multiple-ion detection mass fragmen- 
tography and from 2 pg/ml up to milligram levels for GLC with flame- 
ionization detection. The precision (percentage coefficients of variation) 
was calculated from the standard deviatiodmean X 100. Assays were 
made in quadruplicate a t  six concentrations of I, thus covering the range 
expected in in uiuo experiments. The results summarized in Table I refer 
to determinations from human plasma and urine. 


The validity of this method for in uiuo determinations was tested by 
studying the plasma kinetics and urinary elimination of I in healthy 
Volunteers after single (50 mg/60 kg of body weight) or repeated (130 
mg/60 kg of body weight/day for 5 days divided over the three main 
meals) oral doses. 


Figure 5 shows plasma I kinetics in human volunteers after acute ad- 
ministration. The compound was absorbed rapidly through the GI tract, 
reaching peak plasma values between 30 and 60 min. Elimination of I 
followed a monoexponential decay pattern with a calculated half-life of 


121 f 16 min a t  the times considered (Table 11). 
Table 111 reports the plasma I levels determined in the volunteers given 


repeated oral doses. Concentrations were higher close to the time of I 
intake, i .e.,  breakfast, lunch, and dinner. The AUC was about half that  
after a single dose of 50 mg/60 kg of body weight, although the daily dose 
was almost 2.5 times larger. However, these differences probably arose 
from differences in absorption since I was taken with food and not in a 
fasting condition and since the total daily dose was divided ad libitum, 
an experimental condition that may he considered closer to the real sit- 
uation. 


Urinary I excretion hy human volunteers given a single oral dose is 
reported in Table IV. Compound I was eliminated within a few hours of 
administration, with -60% of the dose being excreted unchanged by 6 
hr, and reached 79.9% at  24 hr. Excretion of I after repeated adminis- 
tration is shown in Table V. Following this schedule of treatment, the 
24-hr excretion again amounted to -80% of the daily dose. These data 
are in good agreement with previous reports indicating that I is excreted 
in the urine rapidly and almost completely in humans and laboratory 
animals (6, 7). This observation is consistent with the relatively short 
plasma half-life of I, which is poorly metabolized. 
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Abstract Uncharged and negatively and positively charged liposomes 
of egg lecithin were prepared by sonication and chromatographed on three 
different gel media. The column effluent was investigated by turbidi- 
metric measurements. The operational parameters were selected to ob- 
tain baseline separation of the liposomes. Liposome peaks were frac- 
tionated and identified by their K,, (distribution coefficient) values. 
Baseline separation into two fractions was obtained with cross-linked 
dextran gel, and three fractions were obtained with cross-linked agarose 
gel. 


Keyphrases Liposomes-synthesized and fractionated using size 
exclusion chromatography on different gel media Size exclusion 
chromatography-of liposomes on different gel media 0 Fraction- 
ation-size exclusion chromatography of liposomes on different gel media 
0 Chromatography, size exclusion-liposomes, synthesized and frac- 
tionated on cross-linked agarose and cross-linked dextran gels 


Parenteral and oral dosage forms with increased drug 
selectivity are achieved by linking drugs to carriers. Such 
forms are of pharmaceutical importance, and several 


concepts using liposomes have been suggested (1, 2). Li- 
posomes are formed when phospholipids are allowed to 
swell in aqueous media. When suitably dispersed, the li- 
posomes consist of a series of concentric lipid bilayers, 
which alternate with aqueous compartments. The bilayers 
and aqueous compartments can entrap lipid-soluble and 
water-soluble substances, respectively. 


Size exclusion Chromatography’ (3) commonly is used 
to separate liposome-entrapped substances from nonen- 
trapped material (4-6), but there has been little evaluation 
of different gel media for their ability to separate liposomes 
of different sizes. Huang (7) described the separation of 
vesicles of homogeneous size by using size exclusion 
chromatography on a gel with 4% agarose. Chen and 


Gel filtration traditionally is used to describe separation according to size on 
soft permeation media in aqueous solution (3). However, the term size exclusion 
chromatography is now recommended by the International Union of Pure and 
Applied Chemistry. 
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Figure 1-Equipment for size exclusion chromatography. 


Schullery (8) suggested the separation of multilamellar 
vesicles from small unilamellar vesicles and sonication 
degradation products using 2% agarose gel. 


This study investigated the ability of three different gels 
to separate liposomes into different fractions. Uncharged 
and negatively and positively charged liposomes were 
studied. 


EXPERIMENTAL 


Materials-The uncharged liposomes were composed of egg leci- 
thin2-cholesterol3, 41:12 pmoles (33:4.64 mg). The negatively charged 
liposomes were composed of egg lecithin-cholesterol-phosphatidic 
acid4-dicetyl phosphate5, 41:12:(mol. wt. unknown):6 pmoles (33:4.46: 
103.24 mg). The positively charged liposomes were composed of egg 
lecithin-cholesterol-stearylamine6, 41:12:6 pmoles (334.46:1.6 mg). 


The buffer was 3 mM sodium phosphate5 (pH 7.3), containing 0.9% 
NaCI; it was sterilized at  1 2 1 O  for 25 min. Two cross-linked gels of 27 and 
6%8 agarose and cross-linked dextran gel9 were used. To determine the 
fractionating range ( VO - V t )  of the gel bed in one separate run, a test 
solution was prepared from Serratia marcescens (ATCC 14756), which 
was chemically sterilized with pyrocarbonic acid diethyl ester (VO),  and 
sodium azide was dissolved in the buffer ( V , ) .  Thirty microorganisms 
and 1 mg of sodium azide/l ml of buffer were used. 


Preparation of Liposomal Dispersions-Positively and negatively 
charged and uncharged liposomes were prepared aseptically according 
to a reported method (9). All glassware in contact with the preparations 
was sterilized by dry heat. Lipids and amphiphiles were dissolved in 5-8 
ml of chloroformlo in a 50-ml flask. The air in the flask was replaced by 
nitrogen or argon gas filtered through a 0.2-pm membrane filter. The 
organic solvent was removed in a rotary evaporator" a t  25O, and evapo- 
ration was continued for 30 min. A thin, uniform film was visible on the 
wall of the flask. 


Nitrogen was flushed into the flask, and 0.1-0.2 ml of the buffer solu- 
tion was added immediately. Disruption of the lipid film was made by 
gently shaking the flask manually. A milky dispersion resulted after 
rotation of the flask with 1.8-1.9 ml of buffer and a few sterile glass 
beads. 


Grade 1, Lipid Products, South Nutfield, England. 
BDH Biochemicals, Poole, England. * Grade 1, Lipid Products, South Nutfield, England. 
Sigma Chemical Co., St. Louis, Mo. 
Fluka AG, Buchs, Switzerland. 
Sepharose Cl-ZB, Pharmacia Fine Chemicals, Uppsala, Sweden. 
Sepharose C1-6B, Pharmacia Fine Chemicals, Uppsala, Sweden. 
Sephacryl S-200, prepared by covalently cross-linking allyldextran with 


N,N'-methylenebis(acrylamide), Pharmacia Fine Chemicals, Uppsala, Sweden. 
lo Merck AG, Darmstadt, West Germany. 
l1 Rotavapor-R, Buchi, Switzerland. 


The dispersion was stored at 4O for 12-24 hr. Before further treatment, 
the dispersions were inspected for microbial contamination. Only sterile 
dispersions were used for further investigation. 


Sonication-The probes and glassware in contact with the product 
were sterilized by heat a t  160' for 2 hr. Samples were sonicated12 under 
nitrogen flush at  0-2O. Liposomal dispersions were transferred from a 
milky dispersion into a colloidal state when the sonication time exceeded 
3 min at an amplitude of 8 pm. A homogeneous colloidal state, i.e., a clear 
solution, was obtained when sonication was continued for 6 rnin at  8 pm 
followed by 2 min at 4 pm. The solution was inspected visually in polar- 
ized light immediately after preparation and, for some of the dispersions, 
after a month. Visually, the colloidal state was unchanged. 


Centrifugation-All sonicated samples were centrifugedlJ at 2000 
rpm for 10 min to remove titanium particles and unidentified fragments. 
The supernates were collected for evaluation. 


Absorption Spectra-The absorption of the liposome components, 
individually and admixed, and of sonicated liposomes was measured 
between 600 and 200 nm with a recording double-beam spectropho- 
tometer14. The concentration of all samples was identical to the con- 
centration used in the liposomes. For components insoluble in water, 
chloroform was used as the solvent and reference. For liposome disper- 
sions, the buffer was used as the external phase and as a reference. 


Size Exclusion Chromatography-Two cross-linked agarose (2 and 
6%) gels and a cross-linked dextran gel were used. These gel media have 
an effective fractionation range for globular proteins with a molecular 
weight between 2 X lo4 and 3 X lo7 daltons, which was of the same order 
as the liposomes under investigation. All material that would come in 
contact with the liposomes was sterilized. The gels were autoclaved at  
121O for 25 min and then packed into the columns15 and eluted with the 
buffer. 


Effluent absorption was measured continuously with two UV moni- 
tors16 coupled in series. The first monitor measured UV absorption at 
254 or 280 nm. The second monitor was equipped with a high transmit- 
tance filter17, which transmitted the mercury line 546 nm. The 254-280- 
and 546-nm readings were used to distinguish liposomes of different sizes 
on an empirical basis. For optimal detector performance, buffer was 
flushed continuously through the reference cells before entering the 
column. The effluent was collected in fractions of 0.8-1.2 ml using a 
fraction collectorl8. The equipment for size exclusion chromatography 
and the coupling for optimal detector performance are shown in Fig. 
1. 


The elution characteristics of each gel were determined by eluting 1 
ml of the test solution through the column at  20 f lo. Flow rates (Table 
I) were kept constant and were adjusted with a peristaltic pump1g or 
hydrostatic pressure. Figure 2 shows the elution profile of the test solu- 
tion. The void volume ( VO) ,  the total volume (Vc),  and the operational 
volume (V, - VO) for each gel were determined as indicated in Fig. 2. The 
column parameters are presented in Table I. 


The distribution coefficientsz0 (K,) were calculated from the elution 


vo vt ELUTION VOLUME - Vt-vo - 
Figure 2-Absorption profile for the test solution (Serratia marcescens 
and sodium azide). 


l2 Ultrasonic disintegrator, 150 w, amplitude 0-10 pm with 19-mm titanium 


l3 Multex. M.S.E.. London. Eneland. 
probe, M.S.E.. London, England. 


I4 Hitach; Perkin-'Elmer mbdel-124. 
16 K16/20 and K16/70, Pharmacia Fine Chemicals, Uppsala, Sweden. 
l6 Sinale-Dath monitor with recorder REC-2. Pharmacia Fine Chemicals. Umsala. . _ _  . 


Sweden: ~ 


l7 Wratten No. 16. 
l8 Salprodukter, Uppsala, Sweden. 
19 P-3, Pharmacia Fine Chemicals, Uppsala, Sweden. 


The K ,  value represents the fraction of the total pore volume of the bed that 
is available for penetration of a given solute species; V ,  representa the total liquid 
volume of the gel bed according to the definition given. In the literature, both K d  
and K ,  are used to signify the fractional pore volume available and, alternatively, 
the fraction of the gel volume available. 


Journal of Pharmaceutical Sciences I 875 
Vol. 70, No. 8, August 1981 







Table I-Operational Parameters Used in Size Exclusion Chromatography 


Column Dimension, Void Total Operational 
Volume Internal Diameter Gel Bed Bed Flow Volume Liquid 


X Height, Height, Volume, Rate, (VO), Volume (V ,  - VO),  
Gel Medium cm cm ml mllmin ml (Vt), ml ml 


Cross-linked 2% agarose 1.6 X 70 63.2 127.0 0.12 38.4 124.2 85.8 
Cross-linked 6% agarose 1.09 X 25 23.5 21.9 0.34 7.9 23.3 15.4 


Cross-linked dextran 1.6 X 20 14.2 28.5 0.990 9.4 26.6 17.2 
Flow regulated by hydrostatic pressure measured by volume-time measurements. 


Cross-linked 6% agarose 1.6 X 20 14.2 28.5 1.220 8.1 27.2 19.0 


volume of the peaks of fractionated liposomes (Ve) ,  the void volume, and 
the total liquid volume to yield K ,  = (V, - Vo)I( Vt - VO) (10). Newly 
packed columns or columns cleaned with a buffer solution of high ionic 
strength were eluted with three samples of liposomes and then washed 
with a volume of buffer equal to double the operational volume of the 
respective column before any test sample was applied. Thus, reproducible 
K,,, values for the fractions were obtained. The liposomes were stored 
a t  4-8' and kept a t  20' for 2 hr before size exclusion chromatography. 
Size exclusion chromatography was performed within 24 hr after liposome 
preparation. Sample volumes were 1-2 ml. 


RESULTS AND DISCUSSION 


The liposomal components, when measured individually or admixed, 
displayed relatively low absorption in the 600-200-nm range. However, 
a low maximum or measurable absorbance was observed at 254 nm. The 
absorbance for lecithin was 0.4. The other components had much less 
absorbance a t  this wavelength. When the components were mixed, the 
absorbance at 254 nm decreased to 0.24. No explanation for this obser- 
vation can be offered. 


The absorption of liposome dispersions gradually increased from 600 
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Figure 3-Size exclusion chromatography o f  uncharged liposomes on dif ferent gel media. T h e  eluent was phosphate buffer-saline (pH 7.3), and 
the temperature was 20'. Key: -, absorption profile a t  254 nm, 0-2.0; and - - -, absorption profile at 546 nm, 0-0.2. A: Cross-linked 6% agarose- 
operational volume, 19.0 ml; sample uolume, 1.5 ml; bed diameter, 1.6 cm; bed volume, 28.5 ml; and flow rate, 1.2 mllmin. B: Cross-linked 2% agar- 
ose-operational volume, 85.8 ml; sample uolume, 1.5 ml; bed diameter, 1.6 cm; bed volume, 127.0 ml; and flow rate, 0.1 mllmin. C: Cross-linked 
dextran-operational uolume, 17.2 ml; sample uolume, 1.0 ml; bed diameter, 1.6 cm; bed uolume, 28.5 ml; and flow rate, 1.0 mllmin. D: Cross-linked 
2% agarose-operational uolume, 26.3 ml; elution profile of uncharged liposomes; sample volume, 1.5 ml; and flow rate, 0.2 mllmin. 
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Table 11-Size Exclusion Chromatography of Liposomes on Different Gel Media: Population of Separated Liposomes in Percent of 
Total Peak Area at Different Ka, Values a 


Gel Medium and 
Operational 


Volume Absorption, Uncharged Negatively Charged Positively Charged 
(Vt - Vo), ml nm Kavi Kavz Kav3 Kav, Kav, Kav, Kavi Kavz Kav, 


Cross-linked 2% 4 83 13 21 51 28 6 81 13 


(-) (0.02) (0.6) (-) 
- 81 19 - 


546 (0.03) (0.6) 
Cross-linked 6% 80 20 


agarose, 15.4 280 (0.02) (1.0) (-1 (0.02) (1.0) (-1 (0.04) (1.0) (-) 
546 (0.01) (-1 (-1 (-) (-) (-) (-) (-1 (-1 


Cross-linked 6% 71 29 - 71 29 - 78 22 
agarose, 19.0 280 (0.01) (0.9) (-) (0.01) (0.9) (-) (0.0) (0.9) (-1 


546 (0.05) (-1 (--) (0.05) (-) (-) (0.03) (-1 (-) 
Cross-linked 72 28 - 75 25 - 72 28 


dextran, 17.2 280 (0.03) (1.0) (--) (0.05) (1.1) (-) (0.06) (1.1) (-1 
546 (0.07) (-1 (-) (0.07) (-) (-) (0.1) (-1 (-1 


agarose, 85.8 280 (0.03) (0.7) (1.0) (0.02) (0.5) (1.0) (0.02) (0.7) (1.0) 
(-) (0.02) (0.5) 
- 81 19 


- 


- 


0 Different sizes of liposomes were separated and identified by K,, values; K , ,  given in parentheses. 


to 200 nm. At 254 nm, the uncharged liposomes showed the lowest ab- 
sorption of -1.0. All charged liposomes had absorption of >2.0 at  254 nm. 
The measured absorption of liposomes was due to the light scattered by 
the particles and was not influenced by their individual components. 


The two UV monitors for measuring the eluted peak profiles (Fig. 1) 
were used as turbidimeters since a decreased transmission was re- 
corded. 


Liposome fractions were separated by size, and these fractions were 
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Figure 4-Rechromatography of peak maxima of liposomes on cross- 
linked 2% agarose: operational volume, 88 ml; bed diameter, 1.6 cm; bed 
volume, 127 ml; flow rate, 0.19 mllmin; eluent, phosphate buffer-saline 
(pH 7.3), and temperature, 20’. Key: -, absorption profile at 254 nm; 
and - - -, absorption profile at 546 nm. A: Size exclusion chromatography 
of negatively charged liposomes (sample volume, 1.0 ml). Band  C: Re- 
chromatography of Peaks 1 (for B, sample volume was 2.0 ml) and 2 (for 
C, sample volume was 2.0 ml) from separated top fractions of  negatively 
charged liposomes i n  A. D: Size exclusion chromatography of positively 
charged liposomes (sample volume, 1.0 ml). E and F: Rechromatography 
of Peaks 1 (for E, sample volume was 2.0 ml) and 2 (for F, sample volume 
was 2.0 ml) from separated top fractions of positively charged liposomes 
in  D. 


- 
ELUTION VOLUME, ml 


identified by their Kav values. Fraction percentages were obtained by 
weighing the peaks of the liposome absorption profile a t  280 nm (Table 
11). 


Two fractions of uncharged, positively charged, and negatively charged 
liposomes were separated on cross-linked 6% agarose and cross-linked 
dextran. The largest fraction was eluted in the void volume (Kav 0.051, 
and the other fraction was eluted in the total volume (Kav 1.00). On 
cross-linked 2% agarose, uncharged and negatively and positively charged 
liposomes were separated into three fractions. The separation properties 
of different gel media for uncharged liposomes are shown in Fig. 3. Of 
cross-linked 6% agarose and cross-linked dextran, baseline separation 
for all liposomes could be obtained only with cross-linked dextran (Fig. 
3C). Baseline separation into three different fractions was obtained for 
all liposomes with cross-linked 2% agarose with an operational volume 
of 80 ml (Fig. 3B). As the operational volume of the column was reduced 
(Fig. 3D), the peaks became incompletely separated. 


In additional experiments with negatively and positively charged li- 
posomes, fractions from the maxima of the first and second peaks (Fig. 
4) were rechromatographed separately on the same gel (cross-linked 2% 
agarose). The first peak (Kav 0.0) was eluted a t  the same position, but 
additional smaller peaks were obtained at  K, 0.5-0.6 and 1.0. The second 
peak (Kav 0.5-0.6) also emerged at the same position but with small peaks 
at  K,, 0.0 and 1.0. Similar results were observed for uncharged liposomes. 
The position of the peaks indicates that the separation properties of the 
gel were unchanged. The appearance of extra peaks may be due to a 
number of factors such as incomplete separation of liposomes, defor- 
mation of the liposomes when penetrating the gel pores, or a natural 
transfer of liposomes into an equilibrium state of different sizes. This 
observation indicates that size exclusion chromatography of liposome- 
entrapped material might lead to a loss of some entrapped material. 


Chen and Schullery (8) also found three peaks when egg lecithin ves- 
icles were separated on soft 2% agarose gel. The content of these peaks 
was found to be nonhomogeneous unless the liposomes were in rapid 
equilibrium., However, these investigators did not obtain a baseline 
separation. The assumption from the present study that the fractions 
obtained are homogeneous is supported by Huang (7), who concluded 
that a homogeneous fraction of vesicles is obtained on rechromatograpby 
on soft 4% agarose gel provided no equilibrium between fractions oc- 
curs. 


Gregoriadis (11) suggested that the need for liposomes to persist in the 
blood for some time favors the small unilamellar version, indicating that 
the separation of liposomes into different sizes may be of great impor- 
tance. 


In conclusion, the experiments showed that macroporous agarose gels 
can be used to separate liposomes into well-defined fractions. These 
fractions will be investigated further by small-angle X-ray-scattering 
techniques. 
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Abstract A fast and sensitive method was developed for the quanti- 
tative determination of a t  least 10 components of pharmaceutical 
bleomycin sulfate preparations. The method is based on the reversed- 
phase high-performance liquid chromatographic (HPLC) separation of 
the components on a pBondapak Cle column with a mobile phase having 
a linear gradient of 10-40% methanol in aqueous 0.005 M l-pentanesul- 
fonic acid at pH 4.3. With this assay, the average standard deviations for 
components A2 and B2 are 0.92 and 0.87, respectively, for a 7.5-22.5 X 
10-3-mg sample. Regulatory agencies presently use the official Code of 
Federal Regulations (CFR) method, which is based on CM-Sephadex 
column chromatography. It was demonstrated that this CFR method does 
not separate the bleomycin Az component from some other minor 
bleomycin components. After elution from the CM-Sephadex column, 
the “A2 component” was separated into five components by the HPLC 
method. Bleomycin A2 is stable under these HPLC conditions. 


Keyphrases High-performance liquid chromatography-reversed 
phase, bleomycin assay, separation of bleomycin components 
Bleomycin-high-performance liquid chromatographic determination, 
separation of components Antineoplastics-bleomycin, high-perfor- 
mance liquid chromatographic analysis 


Bleomycins (I) are a family of glycopeptide antibiotics 
obtained from the fermentation broth of Streptomyces 
uerticillus (1). Bleomycins are effective against various 
human neoplasms, particularly against squamous cell 
carcinoma, sarcoma, and malignant lymphoma (2-4). 
Preparations used in the treatment of these neoplasms 
contain several bleomycins. The main components are 
bleomycins A2 and B2. Some minor components such as 
bleomycin acid, demethylbleomycin-A2, and bleomycin 
B4 also are present. Among these minor components, 
bleomycin B4 is the most toxic (5). 


The Code of Federal Regulations (CFR) (6) requires that 
bleomycin preparations for therapeutic use meet the fol- 
lowing composition specifications: bleomycin A2, not less 
than 60% and not more than 70%; bleomycin B2, not less 
than 25% and not more than 32%; bleomycin Bq, not more 
than 1%; and bleomycins A2 and B2 combined, not less 
than 90% of the total bleomycins. The present established 
method is based on a lengthy CM-Sephadex column 
chromatographic procedure, essentially that described by 
Fujii et al. (7). 


Reported high-performance liquid chromatographic 
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(HPLC) methods were unsuitable for routine quantitaiive 
analysis. With one method (8), baseline resolution was 
incomplete; another method (9) was not designed for 
quantitative purposes; and a third method (lo), which 
could be used to determine bleomycins A2 and B2, did not 
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Abstract 0 Hyperabsorption of dietary oxalate is a major factor in the 
pathogenesis of enteric hyperoxaluria and a frequent complication of 
inflammatory bowel disease and ileojejunal bypass surgery. Successful 
treatment requires reduction in oxalate intake or inhibition of absorption 
of dietary oxalate by oral ingestion of oxalate binding agents. To identify 
such agents, oxalate binding by anion-exchange resins, gums, and alu- 
minum hydroxide was measured under conditions that simulated those 
present in the intestinal lumen. Of the agents tested, those that bound 
oxalate best were colestipol and aluminum hydroxide. Strongly basic 
anion-exchange resins readily bound oxalate only in the absence of 
chloride. These results suggest that colestipol and aluminum hydroxide 
administration might reduce dietary oxalate absorption in patients with 
enteric hyperoxaluria. 


Keyphrases 0 Oxalate-in uitro binding by various anion-exchange 
resins and aluminum hydroxide a Binding agents-in uitro binding of 
oxalate by anion-exchange resins and aluminum hydroxide Enteric 
hyperoxaluria-dietary oxalate, in uitro binding by anion-exchange resins 
and aluminum hydroxide 


Nephrolithiasis is a frequent complication of inflam- 
matory bowel disease (1, 2), ileal resection (3-5), and 
ileojejunal bypass (6,7). The stones are usually composed 
of calcium oxalate; hyperoxaluria, which often occurs in 
patients with ileal dysfunction, is a major predisposing 
factor. 


Enteric hyperoxaluria is due, at  least in part, to en- 
hanced absorption of dietary oxalate (8, 9). The patho- 
genesis of this condition is complex and probably involves 
alterations in the physical state of dietary oxalate in the 
intestinal lumen as well as an increase in colonic perme- 
ability to the oxalate anion. In hyperoxaluric patients, 
malabsorbed fatty acids are thought to prevent normal 
precipitation of oxalate in the gut by preferentially binding 
intraluminal calcium to form insoluble calcium soaps (10, 
11). Free oxalate then is absorbed in increased amounts, 
in part because the permeability of the colon to the oxalate 
anion is increased by abnormally elevated intraluminal 
concentrations of bile acids and fatty acids (12-14). 


This explanation suggests that enteric hyperoxaluria can 
be treated successfully by decreasing dietary oxalate, the 
free oxalate concentration in the intestinal lumen, or the 
colonic permeability. To decrease intraluminal oxalate, 
agents capable of binding or precipitating oxalate could 
be administered. To decrease the concentration of fatty 
acids or bile acids in the colonic lumen, fat intake could be 
reduced or bile acid or fatty acid binding resins could be 
administered. 


BACKGROUND 


In this study the in uitro binding of oxalate by a number of nonab- 
sorbable substances was examined. Cholestyramine, a nonabsorbable 
ion-exchange resin already reported to bind oxalate in uitro (9,15), was 
used successfully by some investigators (3,9), but not others (7,16), to 


reduce oxalate excretion in patients with enteric hyperoxaluria. Alumi- 
num antacids are essentially nonabsorbable and also were reported to 
decrease oxalate excretion in patients with enteric hyperoxaluria (11). 
However, since both cholestyramine and aluminum hydroxide are potent 
binders of bile acids (17-20) and fatty acids (21) in uitro, their ability to 
diminish urinary o x h t e  excretion in patients with enteric hyperoxaluria 
might result from bile acid or fatty acid binding in the colon, which would 
diminish the enhanced mucoaal permeability, thus reducing the increased 
oxalate absorption. This effect on mucosal permeability might contribute 
more to diminishing oxalate absorption than that attributable to intra- 
luminal oxalate binding. Thus, an unequivocal interpretation of clinical 
investigations of agents capable of binding not only oxalate but also bile 
acids and fatty acids is impossible. 


Information is needed on the relative affinity in uitro of these binding 
agents for oxalate. Binding studies with these and several other potential 
therapeutic agents for oxalate are reported here. Binding of oxalate by 
calcium was not studied since the solubility product of calcium oxalate 
is well known and since calcium administration to patients with enteric 
hyperoxaluria has been reported to increase urinary calcium excretion, 
which may be undesirable in patients a t  risk for nephrolithiasis (22, 
23). 


EXPERIMENTAL 


Adsorbents-The adsorbents investigated were ion-exchange resins, 
an uncharged hydrophobic resin, guar gum, and various types of alumi- 
num hydroxide. 


Three types of strongly basic anion-exchange resins were used. The 
first (SB,) is a widely used bead resin with quaternary ammonium groups 
attached to a styrene-divinyl benzene copolymer lattice'. The second, 
cholestyramine2, is chemically identifical to SB, but was milled to reduce 
its particle size; it is marketed as a hypocholesterolemic agent. The third 
(SBd) is a resin used for ion-exchange gel permeation chromatography; 
it consists of dextran beads containing quaternary ammonium 
group$. 


Three weakly basic anion-exchange resins also were used. The first, 
colestipo14, is a synthetic ion-exchange resin prepared by cross-linking 
tetraethylenepentamine with epichlorohydrin; the polymer, which has 
primary and secondary amine groups, is marketed as a hypocholestero- 
lemic agent. The second (WB), a widely used bead resin, contains mostly 
tertiary amine groups on an epoxy lattice5. The third (WB,), di- 
ethylaminoethylcellulose containing diethylamine groups on a cellulose 
lattice, is used for ion-exchange chromatography of proteins6. 


The uncharged hydrophobic resin (UH,) consisted of beads of di- 
vinyl-benzene styrene copolymer with a macroreticular surface7. Guar 
gum8 is a natural gum containing primary and secondary amino 
groups. 


Aluminum hydroxide was used both in the form of proprietary antacid 
preparations (AHPF19 and AHPF21°) and as dried powder". Three types 


Dowex-1, Dow Chemical Co. (sold as AG1-X4 by Bio-Rad Laboratories, 


Provided by Mead Johnson Co., Evansville, Ind. 
QAE-Se hadex, Pharmacia, Inc., Piscataway, N.J. 
Providei by The Upjohn Co., Kalamazoo, Mich. 


5 Dowex-3, Dow Chemical Co. (sold as AG3-X4A by Bio-Rad Laboratories, 


DEAE Cellulose, Schleicher and Schuell, Keene, N.H. 
XAD-2, Rohm & Haas, Philadelphia, Pa. (purchased from Mallinckrodt, St. 


Richmond, Calif.). 


Richmond, Calif.). 


Louis, Mo.). * Bradford Co., Los Angeles, Calif. 
9 Amphogel (AHCFI), Wyeth Laboratories. 


lo Alternagel (AHCFII), Stuart Pharmaceuticals. 
l1 Three aluminum hydroxide preparations (Reheis, Barcroft, and Chattem) were 


generously supplied by the Rorer Group through the courtesy of John Eckman. 
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m . Table I-Oxalate Binding at Equilibrium by Selected 
Adsorbents in  the Presence of Isotonic Saline or  Simulated 
Intestinal Content (Containing Fatty Acid and Bile Acid Anions) 


Oxalate Bound, 
Incubation mmoledg of adsorbent 
Solution With Reduction 


Q UNBOUND OXALATE CONCENTRATION, mM 
Figure 1-Equilibrium isotherms for oxalate binding to anion-exchange 
resins and aluminum hydroxide in histidine buffer (pH 6.5, 37'; 0.15 
M chloride ion). 


of aluminum hydroxide powder were studied. 
Ion-exchange resins were conditioned before use by stirring with two 


volumes of 1 N NaOH, decanting the supernate, and washing the resin 
with distilled water. The resin was converted to the chloride form by 
stirring with two volumes of 1 N HC1. After repeated washings with 
glass-distilled water until the supernate was no longer acidic (pH > 6), 
resins were dried at room temperature. 


Next, UH, was conditioned by washing with methanol followed by 
distilled water and then was stored in water. The dextran- and cellu- 
lose-based ion exchangers, as well as the guar gum, were preswollen in 
buffered saline solution (150 mM NaCl, 20 mM L-histidine, pH 6.5). 


Aluminum hydroxide preparations were used without initial condi- 
tioning. 


Adsorption Studies-Oxalate binding was studied by incubating 50 
mg of adsorbent (wet weight for UH,, volume containing 50 mg of alu- 
minum hydroxide for AHPFl and AHPF2, and dry weight for the other 
adsorbents) with 10 ml of oxalate-containing solution. The solutions 
contained varying amounts of unlabeled oxalic acid (2-25 mM), a con- 
stant amount of [l4C]oxalic acid12 (20 pCiAiter), sodium chloride (150 
mM), and L-histidine (20 mM). The pH was adjusted to 6.5 with hydro- 
chloric acid. 


Premixed solutions and adsorbents were added to 20 ml-glass serum 
storage vials, which were sealed with butyl rubber septa and crimped 
aluminum closures. The sealed bottles were kept in a 37' oven and con- 
tinuously rotated. Samples were centrifuged, and the supernate was as- 
pirated; its radioactivity was determined by liquid scintillation counting 
(0.2 ml was mixed with 10 ml of ~cintillant'~). Each study was performed 
in duplicate. 


The binding affinity of each adsorbent for oxalate was characterized 
by using adsorption isotherms to summarize the data (24). The amount 
of oxalate bound at  equilibrium was determined for several starting 


!- 
0 
2 


colestlpol 


20 


20 40 60 80 2880 
MINUTES 


Figure 2-Kinetics of oxalate binding to aluminum hydroxide or 
colestipol (pH 6.5,37'; 0.15 M chloride ion). 


l2 New England Nuclear, Boston, Mass. 
l3 Ready-Soh HP, Beckman Instruments, Fullerton, Calif. 


Oxalate With Simulated in 
Concentration, 0.15 M Intestinal Binding, 


Adsorbent mM Saline Content % 


SBr 10 0.16 0.10 37 
10 0.74 0.52 30 
10 0.85 0.44 48 


WBr 
Colestipol 
AHPFl 25 2.38 0.74 69 
Aluminum 25 1.84 0.10 94 


hydroxide 
powder 


concentrations (2-10 mM for resins and 5-25 mM for aluminum hy- 
droxide preparations). Specimens in which adsorbent and isotope were 
omitted were included as controls. The kinetics of oxalate binding were 
studied by repeated sampling of containers with a single oxalate con- 
centration (7.5 mM). 


To test whether oxalate binding to SB, was influenced by the presence 
of chloride ion in the incubation medium, oxalate binding to SB, was 
defined in the absence of chloride ion. Thus, SB, was incubated with 10 
ml of a solution containing 7.5 mM oxalic acid, [14C]oxalic acid (20 
pCiAiter), and 20 mM L-histidine, and the pH was adjusted to 6.5. Oxalate 
binding at equilibrium was determined as already described. 


To determine whether bile acid or fatty acid anions that are present 
in intestinal content in humans might competitively inhibit oxalate 
binding, oxalate binding was measured in simulated intestinal content 
(25). The incubation solution contained 130 mM sodium chloride, 20 mM 
L-histidine, 7.5 mM glycocholic acid, 7.5 mM chenylglycine, 2.5 mM 
taurocholic acid, 2.5 mM chenyltaurine, 6.7 mM monoolein, and 13.3 mM 
oleic acid; the pH of the solution was adjustedto 6.5 (19). Unlabeled ox- 
alate (10 mM for resins and 25 mM for aluminum hydroxide prepara- 
tions) and [14C]oxalic acid (20 pCiAiter) were included. Vials were sam- 
pled until equilibrium of binding was achieved. 


Experiments also were carried out to determine whether substances 
present in the liquid component of one of the two proprietary formula- 
tions of aluminum hydroxide (AHPFx) influenced oxalate binding. An 
aliquot was centrifuged, and the supernatant fraction was removed. The 
aluminum hydroxide was resuspended in water and recentrifuged, with 
the supernate being discarded, and this procedure was repeated three 
times. The initial supernate was then mixed with aluminum hydroxide 
powder. The equilibrium binding was studied with the dried AHPFl 
residue as well as the suspension of aluminum hydroxide powder, the 
oxalate concentration in the incubation mixture being 15 mmoles/ 
liter. 


RESULTS 


Equilibrium Isotherms-Colestipol and WB, had a greater affinity 
for oxalate than SB, (Fig. 1). Binding to SBd or WB, (not shown) was 
considerably less than that to SB,. The weak binding of oxalate to SB, 
was due to the chloride ion in the medium; when chloride ion was omitted, 
binding increased threefold. 


In addition, aluminum hydroxide, either as a proprietary antacid 
formulation or as a dried powder, readily bound oxalate. Binding of ox- 
alate to AHPFl was identical whether the suspension or the washed solid 
phase obtained by centrifugation was used. Thus, all binding was at- 
tributable to particulate aluminum hydroxide. The binding isotherms 
for all aluminum hydroxide powders were similar, so only data for one 
of them are shown. No binding by guar gum or UH, was detected, and 
WB, only bound oxalate weakly (7%). 


In Table I, oxalate binding by selected adsorbents in the presence or 
absence of simulated intestinal content is compared. Less oxalate was 
bound by all the adsorbents tested when constituents of intestinal con- 
tent, i.e., bile acid and fatty acid anions, were included. The decrease was 
most marked for aluminum hydroxide preparations, with AHPFl binding 
only 31% and aluminum powder binding only 5% of the amount of oxalate 
adsorbed in the absence of intestinal content. Oxalate binding to coles- 
tipol and WB, was also less in simulated intestinal content, being 52 and 
70%, respectively, of that observed when chloride was the only anion 
present. 


Binding Kinetics-Oxalate was adsorbed more rapidly by colestipol 
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and WB, (not shown) than by aluminum hydroxide (Fig. 2). The binding 
to aluminum hydroxide had two rates. Initially, there was rapid uptake, 
binding being more rapid for proprietary antacid formulations of alu- 
minum hydroxide than for the powders. For both adsorbents, several days 
were required for equilibrium to be obtained. 


DISCUSSION 


These results indicate that oxalate, in the presence of simulated in- 
testinal content, binds better to aluminum hydroxide and weak anion- 
exchange resins (colestipol and WB,) than to a strongly basic ion-ex- 
change resin. They also show that the binding is rapid to ion-exchange 
resins but consists of a slow and fast component for aluminum hy- 
droxide. 


Although cholestyramine has been reported to be an effective oxalate 
adsorbent in uitro (11,16), the data suggest that effective binding occurs 
only if chloride is omitted from the incubation. This could explain the 
findings of Caspary et al. (16) who demonstrated that cholestyramine 
did not bind oxalate in uiuo. The data suggest that the reported efficacy 
of this resin in the treatment of enteric hyperoxaluria (3,9) is due more 
to its binding of bile acid and fatty acids than to its binding of oxalate. 
Such binding should diminish colonic permeability to oxalate, which 
would be interpreted as reducing its absorption. 


Colestipol and WB, bound less oxalate when bile acids and fatty acids 
were present in the incubation mixture; however, both resins were ef- 
fective binding agents under experimental conditions simulating those 
present in the small intestinal lumen. 


Aluminum hydroxide preparations had a greater capacity than coles- 
tipol or WB, for oxalate binding but required much longer for equilibrium 
to be reached, a factor that could diminish clinical efficacy. Although the 
commercial antacid preparations bound oxalate more rapidly than the 
dry powder preparations, similar amounts were bound by the two forms 
of oxalate within 30 min. Whether these differing rates of binding in uitro 
have clinical significance is unknown. 


These in uitro binding data indicate that both aluminum antacids and 
weakly basic anion exchange resins might prove effective in adsorbing 
oxalate within the intestinal lumen and thus act to diminish the hy- 
peroxaluria occurring in patients with intestinal disease. Preliminary 
clinical studies support these in uitro binding studies (26). Nonetheless, 
several recent reports (27,28) claimed that oral calcium reduces oxalate 
absorption and that urinary calcium levels do not show a reciprocal in- 
crease. 


Although hyperoxaluria contributes to nephrolithiasis in such patients, 
other factors, such as diminished urinary volume (29) and hypocitraturia 
(30,31), are involved. Thus, reduction in oxalate excretion is only one of 
several alternative approaches for reducing the lithogenicity of urine. 
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FKO (1 - e -KT)  (Eq. 9) 


Placing Eq. 9 into Eq. 8 gives: 


AUCz = 3 (1 - e - K T )  (Es. 10) 


Equation 10 is equal to the plasma concentration at time 
T ,  divided by K :  


KVK 


(Eq. 11) 


This expression may be recognized as being equal to-AUC3 
which is conventionally used to calculate the postinfusion 
area and, therefore, AUC2 = AUC3. 


The' relationship indicated in Eq. 4, that area is the 
product of C,, and T ,  appears not to have been previously 
reported. Furthermore, assuming linear kinetics, this re- 
lationship is model independent. The only difference in 
calculation for multicompartment models is that A UC; 
is the product of T and the sum of all the appropriate 
coefficients (e.g., A + B ,  in a two-compartment model). 


CT AUCz = 


(1) L. Z. Benet, J.  Pharm. Sci., 61,536 (1972). 
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Kinetic Study on Rapid Reaction of 
Trinitrobenzenesulfonate with Human 
Serum Albumin 


Keyphrases Trinitrobenzenesulfonate-kinetics of reaction with 
human serum albumin Kinetics-of reaction of trinitrobenezenesul- 
fonate with human serum albumin 0 Albumin, human serum-kinetics 
of reaction with trinitrobenzenesulfonate 


To the Editor: 


Trinitrobenzenesulfonate (I) has been used as a reagent 
for the chemical modification of amino groups in amino 
acids, peptides, and proteins (1-4). The basic mechanism 
for the reaction of I with amines (11) was proposed previ- 
ously ( 5 ,  6) (Scheme I). The trinitrophenylated I1 (111) 
reacts further with sulfite ion (IV) to form the sulfite mo- 
noadduct (V). It was reported that I11 and V have UV ab- 
sorption maxima at  340 and 420 nm, respectively, giving 
an isosbestic point at 367 nm during the reaction of I11 and 
IV (5, 6). 


The distinction between, and identification of, the drug 
binding sites on human serum albumin were made previ- 
ously by us on the basis of the inhibition of the reaction of 
p -nitrophenyl acetate with the albumin caused by several 
drugs (7). When the albumin was modified with I to 
characterize the drug binding sites, rapid reaction of I with 
the albumin was found. In this communication, we de- 
scribe the localization of the reactive site on the albumin 
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NO2 
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0- 0- 
" C  


v 
Scheme I 


for I and the kinetics and mechanism for the reaction. 
All reactions in this study were carried out in pH 7.4, 


0.067 M phosphate buffer ( p  = 0.2, adjusted with sodium 
chloride) a t  25". To localize the reactive site on the albu- 
min for I, the fluorescence spectra of the albumin excited 
at  300 nm were measured1. The intensity of the emission 
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Figure 1-UV absorption spectra. 1,2.5 X M I ;  2,l.O X M 
albumin; 3,2.5 X M I and 1.0 X M albumin; 4,2.5 X M 
I ,  1.0 X l o p 4  M albumin, and 5.0 X 
M I ,  1.0 X M albumin, and 1.0 X M NaHS03. 


M NaHS03; and 5,2.5 X 


RF-510 spectrofluorophotometeer, Shimadzu, Kyoto, Japan. 
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spectrum for the reaction mixture of I and the albumin was 
smaller than that for the albumin solution. This reduced 
emission spectrum indicates that the reactive site for I is 
located close to tryptophan residue 214, which is the lone 
tryptophan residue of the albumin (7-9). This important 
drug binding site on albumin was named Site I by Sudlow 
et al. (10) and U site by us (7). 


When the reaction of I(2.5 X M )  with albumin (1.0 
X M )  was followed spectrophotometrically at 340 nm, 
the reaction was completed rapidly. In contrast, when the 
reaction was monitored at 420 nm, the absorbance grad- 
ually increased (half-life -30 sec) after the initial rapid 
increase in the absorbance up to -0.25. Thus, the reaction 
proceeded via two steps. Figure 1 shows the UV absorption 
spectra of each reactant solution and the reaction mixtures 
after the spectral changes were complete. The spectra of 
3 ,4 ,  and 5 show the isosbestic point a t  -360 nm. These 
kinetic and spectroscopic results suggest that the reactions 
similar to Scheme I (trinitrophenylation and sulfite mo- 
noaddition) occur in the reaction of I with the albumin. 


The rate of the trinitrophenylation of the albumin was 
followed at 360 nm (isosbestic point of I11 and V) with a 
stopped-flow spectrophotometer2. The pseudo-first-order 
analyses could be applied under the excess molar con- 
centration of the albumin over that of I (2:8 concentration 
ratio). The pseudo-first-order rate constants (-2.5 X 10-1 
sec-l) were almost independent of the albumin concen- 
trations. This independence suggests that the trinitro- 
phenylation occurs uia Michaelis-Menten-type complex 
formation and that the dissociation constant of the com- 
plex is very small. Therefore, the overall reactions of I with 
the albumin may be represented as in Scheme 11, where k 2 
is the first-order rate constant of the I-albumin complex 
for the trinitrophenylation. The rate constants for the 
formation of V and the elimination of IV from V are ex- 


Model RA-401, IJnion Giken, Osaka, Japan. 


pressed by k3 and k-3, respectively, and K s  and K p  rep- 
resent the dissociation constants of the complex and V, 
respectively. Detailed studies on the kinetics and mecha- 
nism for the reactions shown in Scheme I1 are in prog- 
ress. 


KS k 
1 + albumin L I-albumin A I11 + IV + H+ 


k3 
I11 + IV __ v 


k-3. K p  


Scheme II 
(1) G. E. Means and R. F. Feeney, “Chemical Modification of Pro- 


(2) 
(3) L.-0. Anderson, J. Brandt, and S. Johanson, Arch. Biochem. 


(4) C. Jacobson, Int. J. Peptide ProteinRes., 7,161 (1975). 
(5) A. R. Goldfarb, Biochemistry, 5,2570 (1966). 
(6) G. E. Means, W. I. Congdon, and M. L. Bender, ibid., 11,3564 


(1972). 
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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 1-Drawings of amine diliturates: white cross suite. 


houses. The index of refraction standards1s2 and the dilituric acid3 (5- 
nitrobarbituric acid) used to prepare the crystalline derivatives also were 
purchased commercially. 


Methods-The method utilized to prepare dilituric acid derivatives 
of the amine salts was that of Plein and Dewey (9). Briefly, 100 mg of the 
amine salt was dissolved in a minimum of water, and 10 ml of a hot, 1% 
aqueous solution of dilituric acid was added. The dilitwates of the amines 
crystallized out upon cooling in most cases, and the crystalline derivatives 


R. P. Cargille Co., Cedar Grove, N.J. 
Series n = 1.400-1.785 in increments of n = 0.002 at 25O. 
EK-2502, Eastman Kodak Co., Rochester, N.Y. 


were recrystallized from water one to several times until compounds with 
sharp melting points were obtained. The purity of the salts was estab- 
lished by determination of percent nitrogen. All compounds analyzed 
for nitrogen were within 0.3% of the calculated theoretical values. 


The optical data for the diliturates of the white cross amines were 
determined using literature methods (9-11). The highest index of re- 
fraction liquid standard in the authors' sets of liquids was 1.785, so no 
value above this figure is reported. Crushed specimens were necessary 
to obtain some refractive indexes. 


In this study, the 2 V  values were determined by a nomogram method 
(11). Briefly, the nomogram was utilized as a base upon which the three 
known refractive indexes were used to determine the fourth variable V 
(V = cos2 8) .  
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Figure 2-Drawings of more amine diliturates: white cross suite. 


RESULTS AND DISCUSSION 


The crystallographic properties of the amine diliturates are reported 
in Table I and are shown in Figs. 1 and 2. Many of the crystal derivatives 
are so flattened that they tend to assume a common orientation when 
immersed in the index oils on the microscope slide. The apparent prop- 
erties of habit, optical orientation, and extinction angle of each crystalline 
derivative as observed on the most frequently occurring orientation are 
listed in Table I. The optical orientations designated as acute, obtuse, 
and optic normal indicate that a “centered” interference figure was ob- 
served upon an uncrushed crystal in its most frequently occurring or- 
ientation. The descriptive term “inclined” denotes that centered figures 
were not observed on the usual orientation of the crystal; therefore, one 
or both refractive indexes of the front face of the crystal would be vari- 
able. 


11.622 I + - I “ ”  
I 11,640 


PSEUDO - EPHEDRINE I 
I I 


Additional optical crystallographic properties reported in Table I are 
the three refractive indexei, crystal system, optic sign, elongation, and 
optic axial angle (2V). The 2V value is an optical parameter that can 
distinguish between two or more similar crystals, e.g., dl-chlorphenira- 
mine (2V = 52’) and diphenhydramine (2V = 75O). 


Figures 1 and 2 present orthographic projection drawings of the crystals 
showing the front, side, and top views. These drawings supplement the 
data appearing in Table I and the text, and they facilitate the identifi- 
cation of the crystalline derivatives. Dashed lines represent the vibration 
directions, and refractive indexes are recorded for crystals that show 
consistent indexes in these directions. An asterisk indicates the higher 
index value on views in which consistent refractive indexes could not be 
obtained. Crystal angles measured microscopically are shown in the 
corners of the diagrams. 


Additional discussion of properties of the reagent and derivatives will 
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facilitate identification by optical crystallographic methods. Dilituric 
acid rarely crystallized out of the reaction solution in the concentration 
utilized; however, dilituric acid crystals appeared as small square- to 
rectangular-shaped tablets with a low LY index (n = 1.388), running par- 
allel to the crystal length and showing a low extinction angle (9’) on the 
top face. 


Dextroamphetamine crystallized out as thin rectangular platelets that 
showed bright first- to second-order polarization colors under crossed 
nicols as compared to its dl-isomer, which was observed as poorly formed 
acicular prisms showing a high birefringence. d -Methamphetamine ap- 
peared as large, well-formed, lamellar platelets twinned on 001, showing 
bright polarization colors and a front face extinction angle of 33”. Its 
dl-isomer occurred as bundles.of elongated rods with a notably small 2V 
= 8”. Both isomers are monoclinic crystals as compared to the two am- 
phetamine isomers which show orthorhombic symmetry. 


Derivatives of 1-ephedrine, racephedrine, dl-chlorpheniramine, 
methapyrilene, and diphenhydramine crystallized out as six-sided 
platelets. The two ephedrine isomers crystallized out as large hexagonal 
platelets. 1-Ephedrine showed orthorhombic symmetry, while race- 
phedrine crystallized out as a large, yellow, triclinic platelet with a 38’ 
extinction angle on the front face. dl-Chlorpheniramine had a crystal size 
smaller than the ephedrines and also showed monoclinic symmetry with 
an extinction angle of 15’ on the top face. Methapyrilene and di- 
phenhydramine appeared as monoclinic crystals with extinction angles 
of 33 and 4Z0, respectively, on the top face. However, diphenhydramine 
occurred as stellate rosettes, and the crystals showed a large 2V = 75’; 
methapyrilene appeared as a diamond-shaped crystal with a moderate 
2V = 48’. 


Propoxyphene diliturate occurred as long, acicular, monoclinic crystals 
that crystallized out in stellate rosettes. The side face of this crystal 
showed a 15’ extinction angle. The mephentermine derivative was a long, 


acicular, monoclinic crystal with an extinction angle of 27’ appearing on 
the top face; the phentermine diliturate, which was of the same crystal 
habit, showed orthorhombic symmetry. 


Pseudoephedrine, phenylephrine, and papaverine diliturates crys- 
tallized out as prisms. Derivatives of both pseudoephedrine and phen- 
ylephrine were elongated in form but were distinguished easily from each 
other since pseudoephedrine had an orthorhombic symmetry and a low 
2V = 36’ while phenylephrine appeared as a triclinic crystal with a 2V 
= 70’ and a front face extinction angle of 42’. The papaverine diliturate 
was observed as an almost equant triclinic prism with multifaceted 
sides. 
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Abstract A high-pressure liquid chromatographic analysis of phe- 
nylpropanolamine in human plasma following extraction, back-extrac- 
tion, and 0-phthalaldehyde derivatization is presented. Using fluores- 
cence detection, the method was sufficiently sensitive to quantitate as 
little as 5 ng of drug/ml of plasma; the coefficient of variation below 100 
ng/ml ranged between 5.7 and 2.8%. Plasma concentration data following 
a single 25-mg dose of phenylpropanolamine hydrochloride in 12 healthy 
volunteers demonstrate the application of the analytical method. 


Keyp.hrases High-pressure liquid chromatography-phenylpropa- 
nolamine analysis in human plasma, 0-phthalaldehyde derivatization 


Phenylpropanolamine-high-pressure liquid chromatographic analysis 
in human plasma, 0-phthalaldehyde derivatization D Derivatization- 
0-phthalaldehyde, high-pressure liquid chromatographic analysis in 
human plasma 


There is great interest in measuring plasma phenyl- 
propanolamine concentrations following single therapeutic 
doses (25 mg of phenylpropanolamine hydrochloride) of 
this sympathomimetic agent. GLC following formation of 
a heptafluorobutyryl derivative (1) was used previously 
(2, 3) to study phenylpropanolamine pharmacokinetics 
and was adequate when doses of 60 mg or more were ad- 
ministered or when plasma concentrations were >40 ng/ml 
and 2 ml of plasma was available for each determination. 
TLC following acetylation with tritiated acetic anhydride 
(4) suffers from a high coefficient of variation and non- 
linearity. 


After preliminary studies of GLC and liquid chroma- 


tography with absorbance detection were found to have 
inadequate specificity and sensitivity, the present method 
was developed. Previous investigators (5-7) showed that 
0 -phthalaldehyde, in the presence of 2-mercaptoethanol, 
reacts with primary amines to form highly fluorescent 
products, 1-alkylthio-2-alkyl-substituted isoindoles (8). 
Replacing 2-mercaptoethanol with ethanethiol was re- 
ported to provide a more stable product (9), but the latter 
is difficult to work with due to its unpleasant odor. 


A procedure for extraction of phenylpropanolamine and 
an internal standard from plasma, derivatization with 
0 -phthalaldehyde, separation by high-pressure liquid 
chromatography (HPLC), and detection by fluorescence 
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Abstract A fast and sensitive method was developed for the quanti- 
tative determination of a t  least 10 components of pharmaceutical 
bleomycin sulfate preparations. The method is based on the reversed- 
phase high-performance liquid chromatographic (HPLC) separation of 
the components on a pBondapak Cle column with a mobile phase having 
a linear gradient of 10-40% methanol in aqueous 0.005 M l-pentanesul- 
fonic acid at pH 4.3. With this assay, the average standard deviations for 
components A2 and B2 are 0.92 and 0.87, respectively, for a 7.5-22.5 X 
10-3-mg sample. Regulatory agencies presently use the official Code of 
Federal Regulations (CFR) method, which is based on CM-Sephadex 
column chromatography. It was demonstrated that this CFR method does 
not separate the bleomycin Az component from some other minor 
bleomycin components. After elution from the CM-Sephadex column, 
the “A2 component” was separated into five components by the HPLC 
method. Bleomycin A2 is stable under these HPLC conditions. 


Keyphrases High-performance liquid chromatography-reversed 
phase, bleomycin assay, separation of bleomycin components 
Bleomycin-high-performance liquid chromatographic determination, 
separation of components Antineoplastics-bleomycin, high-perfor- 
mance liquid chromatographic analysis 


Bleomycins (I) are a family of glycopeptide antibiotics 
obtained from the fermentation broth of Streptomyces 
uerticillus (1). Bleomycins are effective against various 
human neoplasms, particularly against squamous cell 
carcinoma, sarcoma, and malignant lymphoma (2-4). 
Preparations used in the treatment of these neoplasms 
contain several bleomycins. The main components are 
bleomycins A2 and B2. Some minor components such as 
bleomycin acid, demethylbleomycin-A2, and bleomycin 
B4 also are present. Among these minor components, 
bleomycin B4 is the most toxic (5). 


The Code of Federal Regulations (CFR) (6) requires that 
bleomycin preparations for therapeutic use meet the fol- 
lowing composition specifications: bleomycin A2, not less 
than 60% and not more than 70%; bleomycin B2, not less 
than 25% and not more than 32%; bleomycin Bq, not more 
than 1%; and bleomycins A2 and B2 combined, not less 
than 90% of the total bleomycins. The present established 
method is based on a lengthy CM-Sephadex column 
chromatographic procedure, essentially that described by 
Fujii et al. (7). 


Reported high-performance liquid chromatographic 
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(HPLC) methods were unsuitable for routine quantitaiive 
analysis. With one method (8), baseline resolution was 
incomplete; another method (9) was not designed for 
quantitative purposes; and a third method (lo), which 
could be used to determine bleomycins A2 and B2, did not 
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detect the minor components. The developed HPLC assay 
is suitable for the fast, quantitative determination of a t  
least 10 components found in commercial bleomycin 
preparations. 


EXPERIMENTAL 


Materials-Spectrograde methanol was used throughout the exper- 
iments. Acetic acid’, concentrated ammonium hydroxide2, and l-pen- 
tanesulfonic acid3 were used without further purification. Solvents were 
deaerated under vacuum with stirring for 1 hr before use. Sterile. 
bleomycin sulfate preparations4 in vials containing 15 units of bleomycin 
activity were dissolved in 3 ml of deaerated water and stored at 5 O .  


Apparatus-A modular high-pressure liquid chromatograph was 
equipped with a constant-flow pump5, a valve-type injector5, and a 
fixed-wavelength (254-nm) UV detector6. A stainless-steel column (4.6 
X 250 mm) was packed with fully porous 10-pm silica particles to which 
a monomolecular layer of octadecylsilane was chemically bonded. In this 
work, generically identical column packing materials from two different 
suppliers were used (referred to as Columns l7 and 29. Columns were 
washed with methanol-water (1:l) after use each day and with methanol 
before each weekend. Calculations for the percentage of total UV ab- 
sorbance at  254 nm were performed for each component by a micropro- 
cessorg with the peak area calculation program (Figs. 1 and 2). The mi- 
croprocessor was set as follows: sensitivity, 10%; attenuator, 16; and initial 
peak width, 0.5. 


Analytical Procedure-The sample size for injection was 3-9 pl 
of bleomycin solution. The solvent system consisted of 0.005 M l-pen- 
tanesulfonic acid in 0.5% acetic acid deaerated aqueous solution, adjusted 
to pH 4.3 (concentrated ammonium hydroxide), and methanol with a 
linear gradient of 10-40% methanol. Gradient mixing time was 60 min, 
but chromatography was continued with the final gradient mixture (40% 
methanol) up to 75 min to allow for the appearance of demethyl- 
bleomycin-Az, the last peak. The column pressure at a flow rate of 1.2-1.8 
ml/min, depending on column conditions, was equivalent to the initial 
column pressure of 1600 psi. 


The relative percent of each bleomycin component was calculated on 
the basis of the area under the peak by the microprocessor with the given 
parameters. 


Figure 1-HPLC separation 
profile of a bleomycin sulfate 
preparation obtained with Col- 
umn 1 (6 p1 of bleomycin solution 
injected). Key: bleo. acid, bleo- 
mycin acid; Az, bleomycin Az; Bz,  
bleomycin Bz; A5, bleomycin A5; 
B4, bleomycin B4; and DM-Az, 
demethylbleomycin-Az. Micro- 
processor quantitation indicates 
58.29,28.18, and 4.32 “relative % ” 
composition for A2, B2, and de- 
methyl-Az, respectively. 
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Mallinckrodt Chemical Co., St. Louis, Mo. 
J. T. Baker Chemical Co., Phillipsburg, N.J. 
Eastman Organic Chemicals, Rochester, N.Y. 
Nippon-Kayaku Co. Ltd., Chugai Boyeki (America) Corp. Importers and Ex- 


Model 6ooo solvent delivery system and model 660 solvent programmer, Waters 


Model 440, Waters Associates, Milford, Mass. 
pBondapak CIS, Waters Associates, Milford, Mass. 
Chromegabond MC-18, ES Industries, Marlton, N.J. 


porters, New York, N.Y. 


Associates, Milford, Mass. 


9 Columbia Instrument Supergrator I. 


.I Figure 2-HPLC separation 
profile of a bleomycin sulfate 
preparation obtained with Col- 
umn 2 (6 gl of bleomycin solution 
injected). Relative peaks for sep- 
arated components are the same 
as in Fig. 1 .  Microprocessor 
quantitation indicates 59.14, 
29.62, and 4.09 “relative % ”com- 
position for Az, Bz, and de- 
methyl- Az, respectively. 
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RESULTS AND DISCUSSION 


In developing this HPLC method, different parameters such as solvent, 
column, pH, operating time, gradient composition, and flow rate were 
investigated for optimum separation. Mobile phases of acetonitrile, 
acetone, or methanol with aqueous solutions of perchloric acid or 1- 
pentanesulfonic acid in dilute acetic acid were studied. With aqueous 
0.005 M 1-pentanesulfonic acid solution, adjusted to pH 4.3, and mixed 
with 1040% methanol in a linear gradient, 10 or more components were 


Figure 3-HPLC separation 
profile obtained with Column 1 of 
the bleomycin “A2 fraction” after 
elution from the CM-Sephadex 
column. 


- 
45 40 35 30 


MINUTES 
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Table I-Comparison of the CFR and HPLC Methods for the Determination of Bleomycins AZ and Bz in Bleomycin Sulfate 
Preparations 


Sample 
Bleomycin A, % 


CFR Method HPLC Method SD 
Bleomycin B, 9% 


CFR Method HPLC Method SD 
1 
2 
3 


68.43 (64.15)a 
67.60 (63.82)a 
66.52 


62.30b 
63.16c 
59.50d 


0.46 
1.12 
1.26 


28.33 
28.54 
30.85 


28.10b 
29.49c 
28.48d 


0.80 
1.25 
0.77 


4 65.78 60.33* 0.85 31.39 29.89b 0.66 
5 69.27 65.12e - 26.63 29.30e - 
Average 0.92 0.87 


a Calculation after HPLC separation. * Average of 10 determinations. Average of nine determinationa. d Average of eight determinations. Single determination. 


detected. The last peak was observed at -70 min, with a gradient mixing 
time of 60 min. Other gradient compositions and contours did not give 
satisfactory chromatograms. The same resolution of the 10 components 
was obtained between pH 4.0 and 6.0. 


Another system that showed considerable promise was water, adjusted 
to pH 2.0 with perchloric acid, and mixed with 10-40% acetonitrile in a 
linear gradient. A separation profile like that in Fig. 2 was obtained, but 
the low pH of this solvent system made it impractical for routine use. 


An initial column pressure of 1600 psi must be applied to obtain a flat 
baseline, suitable for area calculations with the microprocessor. Lower 
pressures result in baseline drift and poor area calculations. Typical 
separation profiles, obtained with Columns 1 and 2, are shown in Figs. 
1 and 2, respectively. As used in this laboratory, Column 1 gave a better 
separation of the components. Specifically, the components between 
bleomycins Az and Bz appeared as one peak with Column 2 but four peaks 
with Column 1. The quantitative results were comparable, however, for 
the bleomycin Az, Bz, and demethyl-Az fractions from both columns; 
quantitative information for the A2, Bz, and demethyl-A2 fractions from 
the same sample is given for Columns 1 and 2 in the legends of Figs. 1 and 
2, respectively. 


The presumed identities of some individual peaks confirmed by 
coinjection of reference materials are shown in Fig. 1. No reference ma- 
terials were available for the unidentified separated components. 


Four bleomycin preparations were analyzed eight to 10 times each with 
Column 1 under the described HPLC conditions. These results (Table 
I), expressed as average percentages of the A2 and Bz components in 
bleomycin samples, were compared with those obtained by the official 
CFR method (6). The respective A2 percentages obtained from the HPLC 
analyses were lower than those found by the CFR method. To explain 
this discrepancy, A2 components isolated by the CFR method were col- 
lected from several column separations and combined, lyophilized, re- 
dissolved, and injected into the chromatograph. As shown in Fig. 3, the 
HPLC method separated this fraction into five components, with the 
major component having the retention time of bleomycin Az. The amount 
of Az in this fraction was -92% of the total bleomycin content of the 
fraction. After the A2 percentages found by the CFR method were re- 


calculated on the basis of the HPLC fraction separation, the official CFR 
column and HPLC results were in close agreement (Table I). This con- 
firmation is significant since the accurate quantitation of bleomycins A2 
and Bz in clinically used preparations is essential. 


Bleomycin Az material collected from HPLC separations showed a 
single peak when rechromatographed by HPLC. This finding is evidence 
of the stability of bleomycin A:! (and probably the other components) 
under these HPLC conditions. 


Separate standard deviations for bleomycin A2 and B2 were calculated 
from multiple determinations of each component in four bleomycin 
samples (Table I). Calculations with these values give average standard 
deviations for components A2 and Bz of 0.92 and 0.87, respectively, and 
demonstrate good reproducibility for the HPLC assay. 


REFERENCES 


(1) H. Umezawa, K. Maeda, T. Takeuchi, and Y. Okami, J.  Antibiot., 
Ser. A ,  19,200 (1966). 


(2) T. Ichikawa, I. Nakano, and I. Hirokawa, J.  Urol., 102, 699 
(1969). 


(3) I. Kimura, T. Onishi, I. Kunimasa, and J. Takano, Cancer 
(Brussels), 29,59 (1972). 


(4) C. D. Haas, C. A. Coltman, Jr., J. A. Gottlieb, A. Haut, J. K. Luce, 
R. W. Talley, B. Small, H. E. Wilson, and B. Hoogstraten, ibid., 38,8 
(1976). 


(5) H. Umezawa, M. Ishizuka, K. Kimura, J. Iwanaga, and T. Tak- 
euchi, J. Antibiot., 21,592 (1968). 


(6) “Code of Federal Regulations,” Food and Drugs, Title 21, part 
450.10a, U.S. Government Printing Office, Washington, D.C., 1980. 


(7) A. Fujii, T. Takita, K. Maeda, and H. Umezawa, J.  Antibiot., 26, 
396 (1973). 


(8) W. J. Rzeszotarski, W. C. Eckelman, and R. C. Reba, J .  Chro- 
matogr., 124,88 (1976). 


(9) C. R. Williams, Proc. Anal. Diu. Chem. Soc., 1977,242. 
(10) T. T. Sakai, J. Chromatogr., 161,389 (1978). 


880 I Journal of Pharmaceutical Sciences 
Vol. 70, No. 8, August 1981 








facilitate identification by optical crystallographic methods. Dilituric 
acid rarely crystallized out of the reaction solution in the concentration 
utilized; however, dilituric acid crystals appeared as small square- to 
rectangular-shaped tablets with a low LY index (n = 1.388), running par- 
allel to the crystal length and showing a low extinction angle (9’) on the 
top face. 


Dextroamphetamine crystallized out as thin rectangular platelets that 
showed bright first- to second-order polarization colors under crossed 
nicols as compared to its dl-isomer, which was observed as poorly formed 
acicular prisms showing a high birefringence. d -Methamphetamine ap- 
peared as large, well-formed, lamellar platelets twinned on 001, showing 
bright polarization colors and a front face extinction angle of 33”. Its 
dl-isomer occurred as bundles.of elongated rods with a notably small 2V 
= 8”. Both isomers are monoclinic crystals as compared to the two am- 
phetamine isomers which show orthorhombic symmetry. 


Derivatives of 1-ephedrine, racephedrine, dl-chlorpheniramine, 
methapyrilene, and diphenhydramine crystallized out as six-sided 
platelets. The two ephedrine isomers crystallized out as large hexagonal 
platelets. 1-Ephedrine showed orthorhombic symmetry, while race- 
phedrine crystallized out as a large, yellow, triclinic platelet with a 38’ 
extinction angle on the front face. dl-Chlorpheniramine had a crystal size 
smaller than the ephedrines and also showed monoclinic symmetry with 
an extinction angle of 15’ on the top face. Methapyrilene and di- 
phenhydramine appeared as monoclinic crystals with extinction angles 
of 33 and 4Z0, respectively, on the top face. However, diphenhydramine 
occurred as stellate rosettes, and the crystals showed a large 2V = 75’; 
methapyrilene appeared as a diamond-shaped crystal with a moderate 
2V = 48’. 


Propoxyphene diliturate occurred as long, acicular, monoclinic crystals 
that crystallized out in stellate rosettes. The side face of this crystal 
showed a 15’ extinction angle. The mephentermine derivative was a long, 


acicular, monoclinic crystal with an extinction angle of 27’ appearing on 
the top face; the phentermine diliturate, which was of the same crystal 
habit, showed orthorhombic symmetry. 


Pseudoephedrine, phenylephrine, and papaverine diliturates crys- 
tallized out as prisms. Derivatives of both pseudoephedrine and phen- 
ylephrine were elongated in form but were distinguished easily from each 
other since pseudoephedrine had an orthorhombic symmetry and a low 
2V = 36’ while phenylephrine appeared as a triclinic crystal with a 2V 
= 70’ and a front face extinction angle of 42’. The papaverine diliturate 
was observed as an almost equant triclinic prism with multifaceted 
sides. 


REFERENCES 


(1) W. C. McCrone, Am. Lab., 7,11 (Apr. 1975). 
(2) R. E. Stevens, Microchem. J., 13,42 (1968). 
(3) E. A. Julian and E. M. Plein, J. Am. Pharm. Assoc., Sci. Ed., 48, 


(4) J. E. Koles, in “Progress in Chemical Toxicology,” vol. 5, A. 


(5) E. M. Plein, J. Am. Pharm. Assoc., Sci. Ed., 38,535 (1949). 
(6) E. A. Julian and E. M. Plein, J. Pharm. Sci., 54,648 (1965). 
(7) J. P. Morgan and D. Kagan, J.  Psychedelic Drugs, 10, 303 


(8) D. C. Perry, Pharmchem. N e d . ,  6(3), 1 (1977). 
(9) E. M. Plein and B. T. Dewey, Ind. Eng. Chem., Anal. Ed., 15,534 


(10) E. M. Chamot and C. W. Mason, “Handbook of Chemical Mi- 


(11) N. H. Hartshorne and A. Stuart, “Crystals and the Polarising 


207 (1959). 


Stolman, Ed., Academic, New York, N.Y., 1974, pp. 293-368. 


(1978). 


(1943). 


croscopy,” vol. I, 3rd ed., Wiley, New York, N.Y., 1958. 


Microscope,” 4th ed., Edward Arnold, London, England, 1970. 


High-pressure Liquid Chromatographic Analysis of 
Phenylpropanolamine in Human Plasma following 
Derivatization with 0-Phthalaldehyde 


WILLIAM D. MASON 
Received August 12,1980, from the Pharmacokinetics Laboratory, Schools of Pharmacy and Medicine, University of Missouri-Kansas City, 
Kansas City, MO 64108. *Present address: Kansas City Analytical Services, Kansas City, 
MO 64127. 


and EDWIN N. AMICK * 


Accepted for publication December 2,1980. 


Abstract A high-pressure liquid chromatographic analysis of phe- 
nylpropanolamine in human plasma following extraction, back-extrac- 
tion, and 0-phthalaldehyde derivatization is presented. Using fluores- 
cence detection, the method was sufficiently sensitive to quantitate as 
little as 5 ng of drug/ml of plasma; the coefficient of variation below 100 
ng/ml ranged between 5.7 and 2.8%. Plasma concentration data following 
a single 25-mg dose of phenylpropanolamine hydrochloride in 12 healthy 
volunteers demonstrate the application of the analytical method. 


Keyp.hrases High-pressure liquid chromatography-phenylpropa- 
nolamine analysis in human plasma, 0-phthalaldehyde derivatization 


Phenylpropanolamine-high-pressure liquid chromatographic analysis 
in human plasma, 0-phthalaldehyde derivatization D Derivatization- 
0-phthalaldehyde, high-pressure liquid chromatographic analysis in 
human plasma 


There is great interest in measuring plasma phenyl- 
propanolamine concentrations following single therapeutic 
doses (25 mg of phenylpropanolamine hydrochloride) of 
this sympathomimetic agent. GLC following formation of 
a heptafluorobutyryl derivative (1) was used previously 
(2, 3) to study phenylpropanolamine pharmacokinetics 
and was adequate when doses of 60 mg or more were ad- 
ministered or when plasma concentrations were >40 ng/ml 
and 2 ml of plasma was available for each determination. 
TLC following acetylation with tritiated acetic anhydride 
(4) suffers from a high coefficient of variation and non- 
linearity. 


After preliminary studies of GLC and liquid chroma- 


tography with absorbance detection were found to have 
inadequate specificity and sensitivity, the present method 
was developed. Previous investigators (5-7) showed that 
0 -phthalaldehyde, in the presence of 2-mercaptoethanol, 
reacts with primary amines to form highly fluorescent 
products, 1-alkylthio-2-alkyl-substituted isoindoles (8). 
Replacing 2-mercaptoethanol with ethanethiol was re- 
ported to provide a more stable product (9), but the latter 
is difficult to work with due to its unpleasant odor. 


A procedure for extraction of phenylpropanolamine and 
an internal standard from plasma, derivatization with 
0 -phthalaldehyde, separation by high-pressure liquid 
chromatography (HPLC), and detection by fluorescence 
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a b C 


Figure 1-HPLC tracings for plasma. Key: a,  blank plasma; b, 5 ng of 
phenylpropanolamine added to 1 ml of plasma; and c, 10 ng of phe- 
nylpropanolamine added to 1 ml of plasma. 


is presented in this report. The procedure can differentiate 
plasma with as little as 1 ng/ml from a blank and can 
quantitate plasma concentrations above 5 ng/ml with ac- 
curacy and precision suitable for pharmacokinetic 
studies. 


EXPERIMENTAL 


Materials-UV grade butyl chloride', 1-butanol', methanol1, and 
acetonitrile' were employed without further preparation. Reagent grade 
ammonium acetate2, boric acid3, and ACS grade acetic acid3 also were 
used as received. A derivatization solution was prepared by dissolving 
50 mg of crystalline 0-~hthalaldehyde~ in 2 ml of methanol, adding 0.2 
ml of 2-mer~aptoethanol~, and diluting to 100 ml with 0.4 M borate buffer 
(pH 10.5). Phenylpropanolamine hydrochloride6 and viloxazine hydro- 
chloride7 [2-(2-ethoxyphenoxymethyl)tetrahydro-1,4-oxazine hydro- 
chloride, ICI-58,834] were used as received. 


Apparatus-The HPLC system consisted of a pumps, an injector9, 
a 5-pm ODS columnlo, and a fluorescence detector". Excitation was at  
230 nm (sensitivity, photomultiplier tube voltage setting, at 380 and time 
constant of 2.0 sec), and no filters were employed between the flowcell 
and photomultiplier tube. The window of the photomultiplier served as 
a 280-nm cutoff filter. The detection range was set a t  0.2 with the re- 
corder12 input set to provide tracings corresponding to 0.2 and 0.02 and 
a chart speed of 0.5 cm/min. 


Plasma Extraction-One milliliter of plasma, 0.1 ml of 0.1 N NaOH, 
and 8.0 ml of extraction solution (10% v/v 1-butanol in butyl chloride with 
0.60 pg of viloxazine/ml as the internal standard) were placed in a 15-ml 
centrifuge tube. This mixture was vortexed for 60 sec and centrifuged 
for 5 min, and the organic layer (upper) was transferred to a second 15-ml 
centrifuge tube containing 300 p1 of 1% acetic acid. 


Back-extraction was effected by vortexing for 60 sec, and the layers 
were separated by centrifugation. The organic layer (upper) was dis- 
carded by aspiration, leaving the aqueous layer for derivatization. This 
acetic acid back-extract was stable for several days. 


Derivatization-A 50-p1 syringe was used to transfer 40 pl of a 1% 
acetic acid back-extract into a 4.0-ml glass tube to which 20 p1 of the 
0-phthalddehyde reagent then was added, and the solution was vortexed 
for 10 sec. The reaction was allowed to proceed exactly 60 sec, and then 
200 p1 of 1% acetic acid was added. The solution was vortexed, and 100 


Table I-Precision and Accuracy of Phenylpropanolamine 
Analysis 


Actual Mean 
Concentration*, Number of Concentration, 


ng/ml Samples ng/ml SD CV,% 


17.3 12 17.2 0.98 5.7 
20.0 12 20.1 1.13 5.7 
40.0 10 38.8 1.72 4.4 
50.0 20 49.8 2.13 4.3 
80.6 12 80.3 2.22 2.8 


100 20 101 3.20 3.2 
150 10 148 6.33 4.3 
200 24 201 7.68 3.8 


p1 was injected immediately into the HPLC system. 
Chromatography-A mobile phase was prepared by dissolving 10.4 


g of ammonium acetate in 2400 ml of water and adding 8.0 ml of acetic 
acid and sufficient acetonitrile to obtain a 40% solution by volume (pH 
5.6). With a flow rate of 1.8 ml/min in the HPLC system, a pressure of 
2000 psig resulted. The retention times of viloxazine and the phenyl- 
propanolamine derivative were 5.8 and 8.2 min, respectively. 


Clinical Study-As part of a bioavailability study, 12 normal healthy 
subjects received single 25-mg doses of phenylpropanolamine hydro- 
chloride in solution following an overnight fast. Blood samples were 
collected a t  0,0.5,1,1.5,2,3,4,6,8,12, and 24 hr in heparin-containing 
vacuum contained3. The plasma was separated immediately by cen- 
trifugation and frozen within 20 min. All samples were maintained frozen 
at  -loo until assayed. 


RESULTS AND DISCUSSION 


Figure 1 presents chromatograms for plasma containing 0,5, and 10 
ng of phenylpropanolamine/ml. Analysis of predose plasma samples from 
22 human subjects and several batches of pooled human plasma pre- 
sented no chromatographic peaks that interfered with the internal 
standard or phenylpropanolamine derivative. A previous report (10) 
suggested that no significant metabolism of phenylpropanolamine occurs, 
so in uiuo interference by metabolites probably was not a problem. The 
ratio of the peak height of the phenylpropanolamine derivative to the 
viloxazine peak height varied linearly with the plasma phenylpropanol- 
amine concentration range studied ( i e . ,  <200 ng/ml). A typical standard 
curve (20 points between 5 and 200 ng/ml), with the peak height ratio as 
the abscissa and plasma phenylpropanolamine as the ordinate, had a 
slope of 27.94 ng/ml and an intercept of -0.32 ng/ml with a correlation 
coefficient of 0.9976. 


Table I demonstrates the precision and accuracy of the method fol- 
lowing a single therapeutic dose. These data were collected over several 
weeks and thus demonstrate reproducibility. The lowest tabulated 
standard was 17.3 ng/ml; however, the method can be employed for 
concentrations of 5 ng/ml with slightly less precision (i .e. ,  coefficient of 
variation of 8%). 


1 Burdick & Jackson, Muskegon, Mich. 
J. T. Baker, Phillipsburg, N.J. 
Mallinckrodt, St. Louis, Mo. 
Fluoropa, Durrum Chemical Corp., Palo Alto, Calif. 
Eastman Kodak Co., Rochester, N.Y. 
Kindly supplied by A. H. Robins Co., Richmond, Va. 
Kindly supplied by ICI Americas Inc., Wilmington, Del. 
Model 6oOoA. Waters Associates, Milford, Mass.; model llOA, Altex Scientific, 


Model U6K, Waters Associates, Milford, Mass.; L.D.C. Rheodyne 7125, 


Schoeffel8.F.970, Kratos, Westwood, N.J. 


Berkeley, Calif. 


Rheodyne Inc., Cotati, Calif. 
lo Lahorator Data Control, Riviera Beach, Fla. 


l2 Omniscribe, Houston Instruments, Austin, Tex. 
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Figure 2-Mean plasma phenylpropanolamine for 12 subjects following 
a single 25-mg dose of phenylpropanolamine hydrochloride in solu- 
tion. 


l3 Vacutainers. 
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Figure 2 presents the mean plasma concentration-time data for the 
12 subjects who received 25 mg of phenylpropanolamine hydrochloride. 
The concentrations were within the quantitative range of the described 
method. The samples were assayed in duplicate with 2 weeks between 
duplicate determinations of each sample. The precision of these assays 
is indicated by the mean coefficient of variation of 3.0% for duplicates. 
A repeated analysis of 24 samples after 6 months at  -10' revealed no 
significant differences, thus indicating sample stability. 


The general approach presented in this report produced very clean 
chromatograms and thus should be considered for other primary 
amines. 
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Drug-Disintegrant Interactions: Binding of 
Oxymorphone Derivatives 


Keyphrases 0 Drug-disintegrant interactions-binding of oxymor- 
phone derivatives to disintegrating agents, dissolution testing, Freundlich 
adsorption isotherm 0 Disintegrating agents-carboxymethylcellulose 
sodium, sodium starch glycolate, povidone, and modified cornstarch, 
binding to oxymorphone derivatives compared Oxymorphone deriv- 
atives-binding to disintegrating agents compared, Freundlich adsorp- 
tion isotherm 0 Freundlich adsorption isotherm-binding of oxymor- 
phone derivatives to disintegrating agents compared, dissolution testing 
0 Analgesics, narcotic-oxymorphone, binding to disintegrating agents 
compared, dissolution testing 


To the Editor: 


Since the USP first established a disintegration stan- 
dard in 1948, the search for good disintegrating agents for 
tablet formulations has intensified. Starch had been used 
as the primary tablet disintegrant and, in most cases, was 
relatively effective. However, recognition of the impor- 
tance of bioavailability and compendia1 dissolution test 
requirements spurred the search for new disintegrants. An 
ideal disintegrant would improve both disintegration and 
dissolution and be effective in small amounts. 


The search has produced several new disintegrating 
agents, most notably internally cross-linked carboxy- 
methylcellulose sodium1, sodium starch glycolate2, 
cross-linked polyvinyl pyrrolidone3 (povidone), and 
modified cornstarch4. 


During the development of a tablet formulation with a 
rapid disintegration/dissolution rate profile for a synthetic 
narcotic agonist-antagonist analgesic with the general 
structure of oxymorphone (I), extensive binding was noted 
between I and cross-linked carboxymethylcellulose sodi- 
um, and lower recovery resulted during dissolution testing. 
However, the binding to sodium starch glycolate was 


Ac-Di-Sol. FMC Corm. Philadelohia. PA 19103. 
Explotab,'E. Mendefi Co., Carmh, N Y  10512. 
PVP-XL, GAF Co., New York, N Y  10020. 
StaRx 1500, Staley & Co., Decatur, IL 62525. 


R1 
I 


I 


substantially less extensive, and no binding was detected 
for carboxymethylcellulose sodium, cornstarch, and 
modified cornstarch. 


The binding of I to cross-linked carboxymethylcellulose 
sodium and sodium starch glycolate followed the Freund- 
lich adsorption isotherm as shown in Fig. 1. The binding 
was sensitive to variation in solution pH (Fig. 2). Maximum 
binding was achieved for both cross-linked carboxy- 


N 
N 


01 I I I I I 
0 0.5 1.0 115 2.0 2.5 


los (drug), + 1 


Figure 1-Freundlich adsorption isotherm for the interaction ofoxy-  
morphone derivative (I )  with cross-linked carboxymethylcellulose so- 
dium (@) and sodium starch glycolate (0) in distilled water at room 
temperature. 
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Abstract Sulfadimethoxine was administered intravenously and orally 
to four cattle, and plasma and urine samples were collected at  various 
times postdose. Modeling these data with a linear pharmacokinetic model 
gave unsatisfactory fits, and the data were subsequently fitted to a one- 
compartment model with saturable protein binding. The saturable 
protein binding model included the usual linear excretion and elimination 
processes as well as protein binding parameters. The values obtained in 
uiuo for the binding constant, 5.01 X lo4 M-l,  and the total protein 
concentration, 7.89 X M, compared favorably with previously re- 
ported in uitro values. These results indicate that protein binding can 
be successfully included in a pharmacokinetic model. 


Keyphrases 0 Sulfadimethoxine-protein binding, pharmacokinetics, 
cattle 0 Protein binding-sulfadimethoxine, pharmacokinetics, cattle 
0 Pharmacokinetics-sulfadimethoxine, protein binding, cattle 


Sulfadimethoxine is a long-acting sulfonamide with 
bacteriostatic activity against a variety of organisms, and 
commercial preparations are available for use in chickens, 
turkeys, dogs, cats, horses, cattle, and humans. Because 
of the widespread use of sulfonamides, a problem of drug 
residues in edible food tissues has developed. 


To understand the kinetics of sulfonamides in food- 
producing animals, the disposition of various sulfonamides 
was investigated in a number of species (1-4). The present 
study involves the disposition of sulfadimethoxine in cattle 
after intravenous and oral administration. Previous studies 
(5-7) investigated sulfadimethoxine kinetics in cattle; 
however, none of these reports included excretion of me- 
tabolites into urine or the extensive binding of sulfadi- 
methoxine to plasma proteins. 


EXPERIMENTAL 


Animals-Four crossbred heifers', 10-12 months old and 161-202 kg, 
were used. The four animals were weighed and placed in slot-floored 
metabolism units 3 days prior to drug administration. They received a 
grain-concentrate mixture in limited amounts and grass, hay, and water 
ad libitum during the acclimatization and experimental periods; however, 
feed was withheld 24 hr prior to oral dosing. To facilitate urine collection, 
Foley retention catheters2 were placed in the urinary bladder of each 
animal 24 hr prior to drug administration. 


Drugs-S~lfadimethoxine~ was prepared as a 12.5% solution in sterile 
distilled water. Complete solution of sulfadimethoxine was aided with 
a sufficient quantity of sodium hydroxide. 


Dosing Procedure-Sulfadimethoxine (107 mghg of body weight) 
was administered by rapid intravenous drip into the left jugular vein of 
each animal. After a washout period of -3 months, sulfadimethoxine (107 
mg/kg of body weight) was administered to each animal uia stomach 
tube. 


Sample Collection-Blood and urine samples were collected at 0,0.5, 


Randomly selected from a group of heifers obtained from producers in the vi- 


Bardex, 24 Fr, C. R. Bard Inc., Murray Hill, N.J. 
Lot 117102, Hoffmann-La Roche, Nutley, N.J. 


cinity of Urbana, Ill. 


1,2,3,4,6,8,10,12,16,24,36,48,60,72,84,96,108, and 120 hr following 
drug administration. Blood samples were taken from the right jugular 
vein in heparinized syringes and centrifuged at 3000 rpm for 7 min. The 
plasma was collected and stored at 4" until assay; all plasma samples were 
assayed within 1 week. The total volume of urine excreted during each 
sampling period was recorded before aliquots were taken. Urine samples 
were stored at  -20" until assay. 


Assay Methods-The plasma sulfadimethoxine concentration was 
determined spectrophotometrically following color formation with 
Bratton-Marshall reagents (2,8). The concentrations of sulfadimethoxine 
and metabolites in urine were determined spectrophotometrically fol- 
lowing separation by TLC and color formation, as previously described 
(2). 


RESULTS AND DISCUSSION 


Analytical Data following Intravenous Administration-The 
average plasma concentration uersus time data obtained following in- 
travenous sulfadimethoxine administration to cattle (Table I.and Fig. 
1) appeared to fall biexponentially with a terminal rate constant of 4.065 
hr-' (biological half-life of 10.7 hr). The area under the average plasma 
concentration versus time curve from 0 to 120 hr was 3030 mg hrhiter. 


The average excretion rate of unchanged sulfadimethoxine into urine 
uersus time data (Fig. 1) also appeared to fall biexponentially but with 
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Figure 1-Semilog plot of plasma concentration (e) versus time and 
rate of excretion of unchanged sulfadimethoxine in urine (A) versus 
time following intravenous sulfadimethoxine administration. Points 
are the experimentally observed auerages (SD as error bars) for four 
cattle, and lines were calculated. 
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and Cumulative Amount of Sulfadimethoxine, 
Acetylsulfadimethoxine, and Polar Metabolite Excreted in 
Urine following Intravenous Sulfadimethoxine Administration 


a slope quite different from that of the plasma data, especially at early Figure 3-semi10g dot O f  plasma (@) versus time and 
time points. The total cumulative amounts of unchanged 
methoxine, acetylsulfadimethoxine, and a polar metabolite excreted into 
urine were 17.9,54.4, and 4.0% of the administered dose, respectively 


rate of excretion of unchanged sulfadimethoxine in urine (A) versus 
time following intravenous administration to one animal. Points were 


and lines were ca'culated. 
(Table I and Fig. 2). 


Similar results were obtained for all four individual animals. Results 
for one animal are shown in Fig. 3. 


Analytical Data following Oral Administration-The average 
plasma concentration versus time data obtained following oral sulfadi- 
methoxine administration to cattle are shown in Table I1 and Fig. 4. The 
peak plasma concentration was 114 mgfliter a t  10 hr, and the area under 
the plasma concentration-time curve from 0 to 120 hr was 4458 mg hr/ 
liter. The total cumulative amounts of unchanged sulfadimethoxine, 
acetylsulfadimethoxine, and a polar metabolite excreted into urine were 
6.3, 35.6, and 2.1% of the administered dose, respectively (Table 11). 


Selection of Pharmacokinetic Model-On the basis of plasma 
concentration data alone, a three-compartment linear model was used 
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Figure 2-Plot of cumulative amounts of sulfadimethoxine (O), 
acetylsulfadimethoxine ( A ) ,  and polar metabolite (+) excreted into 
urine versus time. Points are the experimentally observed auerages for 
four cattle, and lines were calculated. 


to describe the elimination kinetics of sulfadimethoxine in cattle (7). 
However, a linear model, including the three-compartment model de- 
scribed previously, would predict that the plasma data and the urinary 
rate of excretion data would appear parallel when plotted semilogarith- 
mically. If linear first-order kinetics apply, the rate of excretion at any 
time is directly proportional to the plasma concentration. The results 
obtained (Fig. 1) suggest that there is no constant proportionality between 
plasma concentration and the rate of excretion data at each time point 
measured so a simple linear model may not be sufficient to explain the 
data. 


Table 11-Average Plasma Concentration of Sulfadimethoxine 
and Cumulative Amount of Sulfadimethoxine, 
Acetylsulfadimethoxine, and Polar Metabolite Excreted in 
Urine following Oral Sulfadimethoxine Administration 


Cumulative Amount Excreted in Urine, 
% of dose Plasma 


Concentration, Sulfa- Acetylsulfa- Polar 
Hours mg/100 ml dimethoxine dimethoxine Metabolite 


0.5 1.8 f 1.4O 0.0 0.0 0.0 
1.0 4.0 f 2.0 0.1 f 0.1 0.1 f 0.1 0.0 
2.0 7.6 f 2.0 0.1 f 0.2 0.5 f 0.4 0.1 f 0.0 
3.0 9.3 f 1.7 0.2 f 0.2 1.1 f 0.6 0.1 f 0.0 
4.0 10.5 f 1.5 0.3 f 0.3 2.1 f 0.9 0.2 f 0.1 
6.0 11.1 f 1.0 0.5 f 0.4 3.9 f 2.4 0.4 f 0.2 
8.0 11.1 f 0.7 0.8 f 0.8 5.6 f 4.6 0.6 f 0.1 


10.0 11.4 f 1.0 0.9 f 0.9 7.2 f 4.6 0.8 f 0.1 
12.0 10.5 f 0.9 0.9 f 0.9 8.2 f 4.5 0.9 f 0.2 


24.0 8.6 f 1.0 2.0 f 1.5 18.2 f 7.3 0.9 f 0.2 
36.0 6.3 f 1.4 4.6 f 1.2 27.7 f 5.1 1.0 f 0.5 
48.0 4.0 f 0.9 5.9 f 1.3 32.7 f 3.8 1.2 f 0.7 
60.0 2.1 f 0.6 6.1 f 1.2 34.5 f 3.6 1.3 f 1.0 
72.0 1.1 f 0.5 6.2 f 1.3 35.1 f 3.8 1.5 f 1.3 


6.3 f 1.3 35.4 f 4.1 1.6 f 1.6 
b 35.6 f 4.4 1.7 f 1.8 


84.0 0.6 f 0.6 


- C -6  - d  1.8 f 1.9 
96.0 0.2 f 0.1 


C -6  -d 1.9 f 2.1 
C - b  - d  2.1 f 2.6 


- c - b  -d 2.1 f 2.6 


16.0 9.1 f 1.1 1.1 f 1.0 9.8 f 5.3 0.9 f 0.2 


- 
108.0 
120.0 
132.0 
144.0 


- 
- 


0 One standard deviation (n = 4). * No further sulfadimethoxine was detected 
No further acetylsulfadime- in urine after 84 hr. c Less than 0.1 mg/100 ml. 


thoxine was detected in urine after 96 hr. 
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1 D.1E + 03 (Schemes I1 and 111, respectively) so that a statistical evaluation of the 
model shown in Scheme I could be made. 
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Figure 4-Semilog plot of plasma concentration (0) versus time fol- 
lowing oral sulfadimethoxine administration. Points are the erperi- 
mentally observed averages for four cattle, and lines were calculated. 
The points and the solid line were multiplied by 2 to separate these 
values from the dashed lines representing free and bound drug con- 
centrations. 


Sulfadimethoxine is extensively bound to bovine serum albumin, and 
the percentage of drug bound to protein decreases as the total concen- 
tration of drug in plasma increases (6). Since only free drug can be re- 
moved by the kidney or metabolized, protein binding of sulfadimethoxine 
should extensively affect sulfadimethoxine disposition. Kruger-Thiemer 
et al. (9) proposed a number of pharmacokinetic models involving protein 
binding of sulfonamides in humans. By means of computer simulations, 
these authors fit the plasma concentration uersus time data to a phar- 
macokinetic model involving protein binding. 


In view of the extensive protein binding of sulfadimethoxine in bovine 
plasma, it was decided that a model involving protein binding could be 
used to fit the data. A one-compartment model (Scheme I) was selected 
as the simplest model involving reversible protein binding. 


sulfadimethoxine bound to plasma protein (PT) 


ltKB 
free sulfadimethoxine in kpU, sulfadimethoxine 
central compartment, v d  in urine 


sulfadimethoxine not  4 
recovered in urine JkUA 


polar 
metabolite acetylsulfadimethoxine 


polar 
metabolite in 
urine 


Scheme I 


1 kUP in urine 


Value KB is the protein binding constant, PT is the total concentration 
of protein binding sites, and Vd is the apparent volume of distribu- 
tion. 


Because drug and metabolite concentrations in urine were measured, 
this model includes metabolism of sulfadimethoxine and excretion of the 
two metabolites. All transfer processes in this model are linear, obeying 
first-order kinetics, with protein binding described by: 


KB = [drug bound to protein]/[free drug][free protein binding sites] 
(Eq. 1) 


The data were also fitted to linear two- and three-compartment models 


compartment, v d  


kmisc 
# acet y lsulfadimethoxine 


sulfadimethoxine 
not  recovered 
in urine 


p J A  


acetylsulfadimethoxine 
in urine 


sulfadimethoxine 
in  peripheral 
Compartment 1 


1 - kUP pols. metabolite 
polar 
metabolite in urine 


Scheme 11 


kCTl  \TC1 


sulfadimethoxine 
in peripheral 
Compartment 2 


sul fadimethoxine 
in central 
compartment, v d  


kmisc ’ 1 \ s z l f a d i m e t h o x i n e  


in urine J 
sulfadimethoxine 
not  recovered 
in urine 


I 7 


kPP acetylsulfadimethoxine 
I 


k U A  


acetylsul f adimethoxine 
in urine 


kUP 
polar - polar metabolite 
metabolite in urine 


f 


Scheme I I I  
Fitting Data to Pharmacokinetic Model-Intravenous Study-The 


plasma and urine data obtained following intravenous administration 
of sulfadimethoxine were fitted simultaneously to the model shown in 
Scheme I and to the linear models shown in Schemes I1 and I11 using the 
digital computer program NONLIN. 


An initial estimate of the overall elimination rate constant, k,i (= kpU 
+ kpA + kpp + k m k )  (Scheme I), was obtained from the slope of the early 
rate of urinary excretion of unchanged sulfadimethoxine versus time data 
and the estimated concentration of free sulfadimethoxine present at zero 
time. This value for k,l was separated into values for the individual rate 
constants (kpu, kpA, kpp, and kmiac) by means of the total cumulative 
amounts of sulfadimethoxine excreted as unchanged drug, acetyl me- 
tabolite, or polar metabolite into urine data (1). 


The free sulfadimethoxine concentration in plasma at different total 
concentrations was calculated from the data of Silvestri et al. (6) and was 
used to obtain initial estimates of the binding equilibrium constant, K B ,  
and the total concentration of protein binding sites, PT. The initial fitting 
of the data was carried out with all of the parameters, except kUA and kup, 
held fixed at  the initial estimate values. Once best fit values of k U A  and 
kup were obtained, the fitting was continued with progressively more of 
the parameters allowed to vary, i .e. ,  kpu, kpA, kpp, kmiso K B ,  and then 
PT. The final best fit values for all parameters of the model in Scheme 
I are presented in Table 111. The close agreement between the model and 
the experimental data is shown in Figs. 1-3, 5, and 6. The lines were 
generated using the model shown in Scheme I with the best fit parameter 
values of Table 111. 


Initial estimates for k,,, kCT. and kTC (Scheme 11) and k , ~ ,  kcT1, k w I ,  
kCT2, and kTCZ (Scheme 111) were obtained by “feathering” the plasma 
concentration-time data. Initial estimates for the other parameters of 
the linear models were obtained as already described. The fitting process 
was completed for each model using the average and individual animal 
data. 


The Akaike criterion (11) was used to compare the proposed model, 
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Table 111-Values of Pharmacokinetic Parameters Obtained Using Scheme I following Intravenous Sulfadimethoxine Administration 


Animal 
4 Average Mean f SD Parameter 1 2 3 


.01= ; 
00 


1.399 
4.300 
0.276 
1.448 
7.423 


10.53 X lo4 
10.65 X 10- 


0.552 
1.023 


0.306 
49.2 


141 


- 1  


\ I I I \ \ \ - \ FREE \;,--;3 \ 


4 


0.382 
1.061 
0.0452 
0.333 
1.821 


0.433 
0.399 


0.316 


4.66 x 104 
8.48 x 10-4 


63.8 


110 


0.104 
0.448 
0.0191 
0.152 
0.723 


2.88 x 104 
6.04 x 10-4 


0.516 
1.128 


0.317 
47.6 


182 


0.173 
0.322 
0.0374 
0.157 
0.689 


1.96 X lo4 
0.940 
0.232 


0.321 


6.40 x 10-4 


53.6 


76 


0.443 
1.311 
0.0824 
0.518 
2.354 


5.12 x 104 
8.69 x 10-4 


0.412 
0.396 


0.279 
47.4 


56 


0.515 f 0.601 
1.533 f 1.873 


0.0944 f 0.122 
0.523 f 0.623 
2.664 f 3.216 


5.01 x 104 f 3.85 x 
7.89 x 10-4 f 2.13 x 


0.610 f 0.225 
0.696 f 0.446 
53.6 f 7.3 


0.315 f 0.006 
- 


104 
10-4 


~~~ ~ .~ AIc 2c - 223 198 247 200 219 - 
- AIC 3C 227 202 252 205 206 


a Akaike Information Criteria. 


Table IV-Values of Pharmacokinetic Parameters Obtained Using Scheme I following Oral Sulfadimethoxine Administration 


Animal 
Parameter 1 2 3 4 Average Mean f SD 


~ 


kpu, hr-' 0.490 0.129 0.0500 0.0276 0.129 0.17 f 0.22 


kpp, hr-1 0.0695 0.0648 0.0106 0.0089 0.0409 0.039 f 0.033 
kmiscr hr-' 0.825 0.266 0.860 0.0912 0.322 0.32 f 0.35 
k,l, hr-' 4.232 1.452 0.409 0.400 1.462 1.62 f 1.81 
kuA, hr-' 6.76 0.251 2.47 0.0944 0.376 2.4 f 3.1 
k up, hr-' 50.0 50.0 43.7 48.7 40.1 48.1 f 3.0 


0.530 0.650 0.550 0.591 f 0.059 Bioavailability 0.553 0.632 
k,, hr-' 0.413 0.113 0.155 0.154 0.187 0.209 f 0.138 


kpA, hr-' 2.847 0.993 0.262 0.273 0.970 1.1 f 1.2 


incorporating protein binding parameters (Scheme I) with the linear 
models (Schemes I1 and 111). In each case, the one-compartment saturable 
protein binding model gave a better fit than either of the two linear 
models (Table 111). The appropriateness of the chosen model is further 
supported by the reasonable values obtained for KB and PT. The average 
value of K B  obtained in the present study, 5.01 X lo4 M-l ,  compares 
favorably with values reported by other workers using bovine serum al- 
bumin in uitro, 1.5-25 X 104 M-'(12-14). In addition, the average value 
of PT, 7.89 X M, compares well with the plasma albumin concen- 
trations previously reported, 4.5-4.7 X 


Oral Study-The plasma and urine data obtained following oral ad- 
ministration of sulfadimethoxine were fitted to the model shown in 


M (15,16). 
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Figure 5-Semilog plot of plasma concentration (a) versus time fol- 
lowing intrauenous sulfadimethoxine administration. Points are the 
experimentally observed averages for four cattle, and lines were cal- 
culated. The points and the solid line were multiplied by 2 to separate 
these values from the dashed lines representing free and bound drug 
concentrations. 


Scheme I, with an added first-order absorption step. The initial estimate 
of the absorption rate constant, k,, was determined by the method of 
residuals. The bioavailability was calculated as 0.59. When calculated 
by comparison of the total amount of drug recovered in urine following 
intravenous and oral administration, -47% of the dose was absorbed. The 
ratio of the area under the plasma concentration-time curve could not 
be used in this study as a measure of bioavailability since the model was 
nonlinear. The model is consistent with the observed higher area under 
the curve following the oral dose compared with the intravenous dose. 
The values of the parameters of Scheme I obtained from the intravenous 
study were used as initial estimates in fitting the oral study data with the 
NONLIN computer program. The final best fit values obtained are 
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Figure 6-Semilog plot of plasma concentration (0) versus time fol- 
lowing intravenous sulfadimethoxine administration to one animal. 
Points were experimentally observed, and lines were calculated. The 
points and the solid line were multiplied by 2 to separate these ualues 
from the dashed lines representing free and bound drug concentra- 
tions. 
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Figure 7-Semilog plot of plasma concentration (0) versus time fol- 
lowing oral sulfadimethorine administration to one animal. Points were 
experimentally obseroed, and lines were calculated. The points and the 
solid line were multiplied by 2 to separate these values from the dashed 
lines representing free and bound drug concentrations. 


presented in Table IV. The lines in Figs. 4 and 7 were calculated using 
the best fit values of the parameters. 
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Abstract A rapid capillary GLC method for the analysis of conjugated 
estrogen tablets and injectable formulations is described. The method 
involves the hydrolytic cleavage of the sodium sulfate ester conjugates 
by sulfatase enzyme. The free phenolic steroids are reacted sequentially 
with hydroxylamine hydrochloride and N,O-bis(trimethylsily1)trifluo- 
roacetamide. The resulting dual derivatives are analyzed on a 15-m glass 
capillary column wall coated with a cyanopropylmethyl silicone phase. 


Keyphrases Estrogens, conjugated-quantitative determinations 
by capillary GLC GLC, capillary-quantitative determination of 
conjugated estrogens Steroids-conjugated estrogens, quantitative 
determination by capillary GLC 


Conjugated estrogens is the official name (1) given to a 
group of closely related steroids derived from the urine of 
pregnant mares. These naturally occurring, water-soluble 
salts have been used since 1942 for the treatment of es- 
trogen deficiency symptoms associated with menopause. 
Only recently, however, have the structures of these ste- 
roids been collectively reported (2) and quantitative 
methods developed (3,4). For many years, the accepted 


method of analysis was that contained in USP XVIII (51, 
which specified colorimetric methods and limits for the 
major steroids, estrone and equilin, as well as for total es- 
trogen content. An absorbancy ratio requirement was in- 
cluded in the identification tests for an unspecified ste- 
roid. 


Recent revisions of the USP/NF (1) included a GLC 
identification test based on a published method (3) but 
retained the iron-kober chromogenic reagent for the assay 
of estrone, equilin, and total estrogen content. The iden- 
tification test requires a prominent peak for one steroid, 
17a-dihydroequilin, and this substance probably is the 
steroid monitored by the previous USP ( 5 )  identification 
test. 


BACKGROUND 


A consequence of the broad and nonquantitative specifications for the 
major and minor steroids is that compendia1 standards may not ensure 
pharmaceutical equivalence. More rigorous specifications for the indi- 
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Figure 2 presents the mean plasma concentration-time data for the 
12 subjects who received 25 mg of phenylpropanolamine hydrochloride. 
The concentrations were within the quantitative range of the described 
method. The samples were assayed in duplicate with 2 weeks between 
duplicate determinations of each sample. The precision of these assays 
is indicated by the mean coefficient of variation of 3.0% for duplicates. 
A repeated analysis of 24 samples after 6 months at  -10' revealed no 
significant differences, thus indicating sample stability. 


The general approach presented in this report produced very clean 
chromatograms and thus should be considered for other primary 
amines. 
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Drug-Disintegrant Interactions: Binding of 
Oxymorphone Derivatives 


Keyphrases 0 Drug-disintegrant interactions-binding of oxymor- 
phone derivatives to disintegrating agents, dissolution testing, Freundlich 
adsorption isotherm 0 Disintegrating agents-carboxymethylcellulose 
sodium, sodium starch glycolate, povidone, and modified cornstarch, 
binding to oxymorphone derivatives compared Oxymorphone deriv- 
atives-binding to disintegrating agents compared, Freundlich adsorp- 
tion isotherm 0 Freundlich adsorption isotherm-binding of oxymor- 
phone derivatives to disintegrating agents compared, dissolution testing 
0 Analgesics, narcotic-oxymorphone, binding to disintegrating agents 
compared, dissolution testing 


To the Editor: 


Since the USP first established a disintegration stan- 
dard in 1948, the search for good disintegrating agents for 
tablet formulations has intensified. Starch had been used 
as the primary tablet disintegrant and, in most cases, was 
relatively effective. However, recognition of the impor- 
tance of bioavailability and compendia1 dissolution test 
requirements spurred the search for new disintegrants. An 
ideal disintegrant would improve both disintegration and 
dissolution and be effective in small amounts. 


The search has produced several new disintegrating 
agents, most notably internally cross-linked carboxy- 
methylcellulose sodium1, sodium starch glycolate2, 
cross-linked polyvinyl pyrrolidone3 (povidone), and 
modified cornstarch4. 


During the development of a tablet formulation with a 
rapid disintegration/dissolution rate profile for a synthetic 
narcotic agonist-antagonist analgesic with the general 
structure of oxymorphone (I), extensive binding was noted 
between I and cross-linked carboxymethylcellulose sodi- 
um, and lower recovery resulted during dissolution testing. 
However, the binding to sodium starch glycolate was 


Ac-Di-Sol. FMC Corm. Philadelohia. PA 19103. 
Explotab,'E. Mendefi Co., Carmh, N Y  10512. 
PVP-XL, GAF Co., New York, N Y  10020. 
StaRx 1500, Staley & Co., Decatur, IL 62525. 


R1 
I 


I 


substantially less extensive, and no binding was detected 
for carboxymethylcellulose sodium, cornstarch, and 
modified cornstarch. 


The binding of I to cross-linked carboxymethylcellulose 
sodium and sodium starch glycolate followed the Freund- 
lich adsorption isotherm as shown in Fig. 1. The binding 
was sensitive to variation in solution pH (Fig. 2). Maximum 
binding was achieved for both cross-linked carboxy- 


N 
N 


01 I I I I I 
0 0.5 1.0 115 2.0 2.5 


los (drug), + 1 


Figure 1-Freundlich adsorption isotherm for the interaction ofoxy-  
morphone derivative (I )  with cross-linked carboxymethylcellulose so- 
dium (@) and sodium starch glycolate (0) in distilled water at room 
temperature. 
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Figure 2-Effect of  solution p H  on the interaction of oxymorphone 
derivative (I) with cross-linked carbonymethylcellulose sodium (e) and 
sodium starch glycolate (0). 


methylcellulose sodium and sodium starch glycolate at pH 
6-7. However, the interaction of I with cross-linked car- 
boxymethylcellulose sodium was twice that with sodium 
starch glycolate. 


The interaction was believed to depend on the tertiary 
amine group at position 17 of I. Adsorption studies were 
extended to examine the interaction of cross-linked car- 
boxymethylcellulose sodium with four derivatives of I, 
where substituents R1, R2, and Rs varied and pKa values 
ranged from 7.9 to 8.7. Results indicated that the binding 
of I derivatives with cross- linked carboxymethylcellulose 
sodium can be described by the Freundlich adsorption 
isotherm as expressed by: 


1 
log (disintegrant) n 


= log k + -log (drug),, (Eq. 1) 
(drUg)b 


where n and k are Freundlich adsorption constants that 
can be estimated from the slope and intercept of the linear 
portion of log[ (drug)b/(disintegrant)] uersus log(drug),, 
plots (Fig. 1); (drug),, is the equilibrium drug concentra- 
tion in solution. Results obtained for the four I derivatives 
show n values of 1.43-1.75 and k values of 0.219-0.243. The 
data suggest that the structural variation of functional 
group R1 at the tertiary amine group at  position 17 of I does 
not greatly affect the Freundlich adsorption isotherm. All 
four I derivatives interacted with cross-linked carboxy- 
methylcellulose sodium in a similar manner and to a sig- 
nificant extent. 


The biological significance of these interactions is not 
known. 
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X-Ray Crystal Structure Analysis of 
14-Hydroxycaryophyllene Oxide, a New 
Metabolite of (-)-Caryophyllene, in 
Rabbits 


Keyphrases Caryophyllene-X-ray crystal structure analysis of 
14-hydroxycaryophyllene in rabbits 0 Metabolites-of caryophyllene 
by X-ray crystal structure analysis, 14-hydroxycaryophyllene Terpe- 
noids-caryophyllene, new metabolite, X-ray crystal structure analysis 
of 14-hydroxycarophyllene 


To the Editor: 


The metabolic studies of diet or crude drugs containing 
potentially toxic terpenoids may have significant impli- 
cations for human toxicology. (-) -Caryophyllene (I), a 
sesquiterpene hydrocarbon having a gem- dimethyl group 
on the four-membered ring, often is found in crude drugs. 
For toxicological evaluation, I, [ a ] ~  -10.6' (c, 5.64 in 
chloroform) (12 g), was administered to six male rabbits 
by a previously described method (1). The neutral me- 
tabolites (2.37 g) obtained from urine were chromato- 
graphed directly on silica gel to give crude alcohols, fol- 
lowed by acetylation with acetic anhydride in pyridine. 
The crude acetates also were chromatographed on silica 
gel impregnated with 5% silver nitrate to yield a pure ac- 
etate (11) (48% for total acetates;\. 


Compound 11, mp 71.5-72.5", ( a ] D  -36.5' (c, 2.74 in 
chloroform), C17H2603 (M+, 278), showed the presence of 
an acetoxymethyl group [1730 and 1240 cm-l; 6 2.08 (s, 
3H)l and 3.85 (s, 2H)] and an exocyclic methylene group 
[895 cm-l; 6 4.90 and 5.03 (each bs, lH)]. The PMR spec- 
trum also contained the signals of one proton [6 2.80 (m)] 
and one tertiary methyl group [S  1.22 (s)) on carbons 
bearing an ether oxygen. This spectral evidence indicated 
that one of the gem-dimethyl groups on the four-mem- 
bered ring might be hydroxylated. This assumption was 
supported further by the 13C-NMR spectrum of 11, which 
showed the presence of two CH3 groups (6 17.0 and 17.2 
ppm), five CH2 groups (27.6, 28.8, 29.9, 30.3, and 34.8 
ppm), two CH groups (45.8 and 48.1 ppm), a trisubstituted 
oxirane ring [59.4 (s) and 63.5 (d)], a tetrasubstituted sp3 
carbon (36.7), an exomethylene group [113.5 (t) and 151.4 
(s) ppm], and an acetoxymethyl group [20.8 (q), 71.6 (t), 
and 170.9 (s) ppm]. 


Hydrolysis of I1 regenerated an alcohol, [&ID -25.4' (c ,  
1.66 in chloroform); C15H2402 (M+, 236); 6 1.07 and 1.25 


Figure l-X-ray structure of  14-acetoxycaryophyllene oxide (II). 


s = singlet, bs = broad singlet, d = doublet, t = triplet, q = quartet, and m = 
multiplet. 
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Abstract pH-rate profiles were calculated for the hydrolysis of the 
glycine (II), P-aspartic acid (III), and a-aspartic acid (IV) esters of p- 
acetamidopbenol (I) at 25" and = 1.0 M. The hydrolysis of esters I1 and 
111 occurred predominantly uia intermolecular reactions involving water, 
hydroxide ion, and the various ionic forms of the substrates. The hy- 
drolysis of ester IV occurred predominantly uia intramolecular reactions. 
The catalytic effects of formate, acetate, and phosphate ions as well as 
of tromethamine on the degradation on ester I1 were similar to their ef- 
fects on the hydrolysis of ethyl dichloroacetate. The efficient catalysis 
of the hydrolysis of ester I1 in bicarbonate buffers was consistent with 
a mechanism that involved carbon dioxide and the formation and de- 
composition of a carbamate intermediate. 


Keyphrases 0 Prodrugs-of p-acetamidophenol, amino acid esters 0 
p-Acetamidophenol-amino acid esters as prodrugs, synthesis and 
analysis Phenols-amino acid esters as prodrugs, synthesis and analysis 
0 Amino acid esters-as prodrugs of p-acetamidophenol, synthesis and 
analysis 


Amino acid esters of p-acetamidophenol (I) were pro- 
posed (1) as potentially useful prodrugs. Appropriate se- 
lection of the amino acid can yield derivatives having 
greater or less water solubility than p-acetamidophenol 
and a range of chemical stabilities with respect to trans- 
formation to the parent drug. When the amino acid is a 
normal dietary constituent, the transformation of the 
prodrug to I within the body will not yield a toxic by- 
product. 


Similar arguments can be used to support the investi- 
gation of amino acid esters of other phenolic drugs as 
prodrugs. This paper describes the synthesis and stability 
against degradation of the glycine (II), P-aspartic (III), and 
a-aspartic acid (IV) esters of I. 


RESULTS 


Characterization of Reactants-The elemental analysis and NMR 
spectrum of the glycine (11) derivative of p-acetamidophenol (I) were 
completely consistent with the conclusion that it was the hydrobromide 
salt of 11. The I esters of L-aspartic acid had elemental analyses and NMR 
spectra consistent with the conclusion that they were the hydrochloride 
salts of the isomers 111 and IV. Only one isomer could be obtained pure. 
This isomer was concluded to be ester I11 rather than ester IV because 
its pKa value (2.04) was closer to that of &ethyl aspartate (2.00) (2) than 
it was to that of a-ethyl aspartate (3.04) (2). Its pKa value also was very 
close to the first pKa values of aspartic acid (1.88) (3) and histidine (1.78) 
(3), two molecules in which the carboxyl group adjacent to an ammonium 
group is the first to ionize. The greater reactivity of IV made i t  difficult 
to isolate and characterize. 


Decomposition of Esters I1 and  111-Esters I1 and 111 decomposed 
by hydrolysis in formate, acetate, and phosphate buffers. Plots of the 
observed first-order rate constants at  each pH value, kobs values, uersus 
the total concentration of buffer species, e buffer]^, were linear over a t  
least four buffer concentrations. Values of a buffer-independent first- 
order rate constant, khyd values, were calculated from the y intercepts, 
when   buffer]^ = 0, of these plots. Values of khyd are plotted uersus pH 
in Fig. 1. Values of catalytic rate constants, k,t, for the total buffer species 
were calculated in the case of hydrolysis of ester I1 from the slopes of the 


NHCOCH, 
I Q 


b R  


II 


I1 I 
II 


I 
NH, 


I : R = H  
11: R = CCH,NH, 


0 


111: R = CCH,CHCOOH 


0 NH, 
0 


IV: R = CCHCH,COOH 


linear plots of kobs uersus   buffer]^. 
The relationship among kobs, khyd, and kcat values is given by: 


kobs = khyd + k d ~ u f f e r l ~  (Es. 1) 


Values of k,,t for decomposition of ester I1 are listed in Table I. 
For phosphate catalysis, a plot of k&/fEH+ uersus fb [where fEH+ and 


fb are the fraction of I1 that exists as its conjugate acid and the fraction 
of the buffer acid (HzPO;) that exists as its conjugate base (HPOi-1, 
respectively, for data at  the various pH values] was essentially linear with 
a zero intercept when fb = 0. Hence, the major reactions involved HP0:- 
ions and the conjugate acid of 11. On the assumption that the other re- 


' r  r P  
0.5 


0.2 
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C .- /- I 


-4 1 a 


2 4 6 8 10 12 


PH 
Figure 1-Plots against pH of the logarithms of the buffer-independent 
pseudo-first-order rate constants, khy& for the hydrolysis of esters 
(e), III  (A), and IV (0) and for the acid succinate o f 1  (A) in water a t  
25', f i  = 1.0 M. The lines were calculated as described in the text. The 
data for hydrolysis of the acid succinate of I were taken from Ref. 8. 
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Table I-Catalytic Rate Constants, kcat (pH Dependent) and k b  
(pH Independent), for Oxyanion- and Tromethamine-Catalyzed 
Hydrolysis of p-Acetamidophenyl Glycinate at 25", p = 1.0 M 


103 kcat, 103 k b r  M - I  
Oxyanion pH fb' f E H + b  M-lmin-I min-' 


Formate 
Acetate 
Phosphate 
Phosphate 
Phosphate 
Phosphate 
Tromethamine 
Tromethamine 


3.53 0.50 
5.08 0.80 
5.60 0.15 
6.00 0.30 
6.38 0.50 
7.08 0.83 
7.44 0.16 
8.18 0.50 


1.000 1.02 2.04 
1.000 4.14 5.18 
1.000 19.50 - 
1.000 38.00 - 
0.927 49.60 - 
0.710 85.20 120.00 
0.52 333.6 - 
0.16 354.0 4102 


a Fraction of the buffer that exists as HCO;, CH&OO-, HPO:-, or trometh- 
amine. The pKa values used in the calculations were the pH values of half-neu- 
tralized solutions of the acids or conjugate acids and were: pKaHCoZH, 3.53; 
pKaCH3CooH, 4.68; pKaHZPoh, 6.38; and pKatromethamlne, 8.18. * Fraction of ester 
I1 that exists as the conjugate acid (pKa = 7.44). 


actions were similar, values of a pH-independent base catalysis constant, 
kb (which is equal to the value of the slope in the described type of plot), 
were calculated by dividing kcat values by the term f E H + f b  (Table I). 


The decomposition of ester I1 in tromethamine and carbonate buffers 
also was studied. In tromethamine buffers (pH 7.44 and 8.18), plots of 
k&s versus   buffer]^ were linear, and kcat values were calculated in the 
manner described for oxyanion catalysis. At pH 9.22, a plot of kobs uersus 
  buffer]^ was paraboloid. This finding suggests that  a reaction that was 
second order in tromethamine concentrations became important a t  higher 
pH. The reactions at  higher pH were not studied further because they 
are unlikely to be important in biological systems. 


The pH dependence of kcat values also was such that a plot of kcaJ fEH+ 
versus f b  was linear with a zero intercept when f b  = 0. The value of the 
pH-independent rate constant, kb,  calculated from the slope of this line 
is given in Table I. This value is only approximate since kcat values were 
measured a t  two pH values only. 


The hydrolysis of ester I1 in pH 6.00-8.85 buffers that  contained var- 
ious amounts of sodium bicarbonate was first order in sodium bicarbonate 
concentration. Phosphate buffers were used between pH 6 and 7, and 
tromethamine buffers were used at higher pH values. Plots of kobs for 
these reactions versus sodium bicarbonate concentration (up to M) 
were linear, and the kcat values calculated from them are shown in Table 
11. At pH 6.0, this type of plot was linear up to 4 X M NaHC03. At 
higher concentrations, kobs values were independent of the sodium bi- 
carbonate concentration. This behavior probably was caused by the fact 
that  solutions a t  the higher concentrations were saturated with carbon 
dioxide. 


Decomposition of Ester IV-The hydrolysis rate of ester IV was 
independent of the nature or composition of the buffer in all of the ex- 
periments. Hence, kobs values were concluded to be khyd values (Fig. 
1). 


DISCUSSION 


The results of this study provide information on the stability uersus 
degradation of three potentially useful prodrugs of p-acetamidophenol 
(I). However, analysis of the results also provides information about the 
effect of substituents in the acyl portion of phenolic esters on their hy- 
drolysis rates. Such information can be used to design esters of other 
phenolic drugs as prodrugs. 


Mechanism of Water- and Hydroxide-Ion-Catalyzed Hydrolysis 
of Esters 11-IV-The line for ester I1 in Fig. 1 was calculated on the basis 
that  the major reactions involved in its hydrolysis a t  pH 2-13 are: 


EH+ + H ~ O  - k ;  + 


E + OH- - k 2  + 


EH+ + OH-- k! + 


where E represents the ester neutral molecule and EH+ is its conjugate 
acid in which the amino group is protonated. The rate law for these re- 
actions is: 


-- - ~ [ E ] T  - khyd[E] T = k f: [EH+] [HzO] + k g[EH+] [OH-] 
dt  


+ k'&E][OH-] (Eq. 2) 


where [E]T is the total concentration of ester a t  time t .  The acid disso- 
ciation constant of the conjugate acid of ester I1 was determined to be 


Table 11-Effect of pH on the Carbon Dioxide-Facilitated 
Decomposition of Ester 11, p = 1.0 M ,  25" 


~~~ ~ 


kca J f F f  con 
fCOsb  M-' min-' pH kcat, M-' min-I f E a  


8.85 10.20 0.960 0.003 2951 
8.60 9.60 0.940 0.006 1421 
7.44 23.07 0.570 0.084 549.3 
7.00 20.07 0.270 0.200 371.7 
6.75 9.58 0.170 0.310 189.8 
6.00 0.96 0.035 0.715 38.4 


" Fraction of I 1  that exists as a neutral molecule; pKa = 7.14. Fraction of added 
sodiuni hicarbonate that exists as carbon dioxide or carbonic arid = 6.4. 


3.6:1 X lo-" at 25O and p = 1.0 M. The values o f  k f :  (the water concen- 
tration was assumed to be 55.5 M in the computation of this second-order 
rate constant), k!,  and k p  used togenerate the line in Fig. 1 are included 
in Tahle Ill.  


The reaction pathway for the hydrolysis of 11 that is depicted as EH' 
t OH- is helieved to predominate over the isokinetic pathway E + H2O. 
This conclusion is hased on the previously reported observation (4 )  that 
the second-order rate constant for the reaction hetween hydroxide ion 
and the methylhetaine methyl ester is virtually identird! t o  that calcu- 
lated tor the reaction between OH- and the protonated glycine methyl 
ester. Only the latter compound could alternatively or concurrently he 
hydrolyzing by the isokinetic reaction; water catalyzed reaction of the 
neutral molecule. The similarity in the values of the second-order rate 
constants for the hydroxide-ion reaction strongly suggests that both 
compound< hydrolyze by the same mechanism. 


Further support for this conclusion comes from the fact that the value 
ot the ratiu for ester 11. k ! / k ;  ( 3  X 10"') is of the same order of magnitude 
as the ratio ot'thc rate constants (5) for the specific hase- and water- 
catalyied hydrolysis of phenyl acetate (10"'). 'I'he leaving group 
tendencies of phenol (pKa 9.86) and I (pKa 9.49) are expected to  be 
similar; therefore, the hydrolytic behavior oiphenyl acetate appears to 
be a good model !or the hydrolyses studied here. Since the ratio of k! /kp 
for  ester 11 is three times larger than the equivalent ratio for phenyl ac- 
etate, the presence of the positive charge in the cation oil1 probably fa- 
vors hydroxide-ion attack more than it does water attack when these 
rcactions are compared to the same reactions involving neutral phenyl 
acetate. Previous investigators (6.7) observed a similar deviation when 
comparing the ratio of hydroxide-ion- and water-catalyzed hydrolysis 
rate constsnts for a series of tu-substituted o-nitrophenyl esters. They 
concluded that the enhancement for a reaction hetween hydroxide ion 
and a cat ionic ester could be accounted for hetter by postulating favorable 
electrostatic interactions in the transition state rather than by invoking 
electrostatic effects on collision t'requency. 


Comparison of the rate constants for the reaction between the neutral 
molecule of 11 and hydroxide ion ( k p )  and between hydroxide ion and the 
acetatc of 1 (8 )  indicates that the introduction of an aminogroup into the 
acetate ( i . ~ . ,  an tu-amino group in the acyl moiety) increased the rate of 
this reaction 4.6 times. This figure is close to the fivefold increase in rate 
that follows the introduction of an amino group in the n-position of ethyl 
acetate (4).  r'rotonation of the amino group in ester I1 produced a further 
1UU-fold increase in rate. Hence, the introduction of the +NH3 group into 
the acyl moiety of the acetate of I produced a 500-fold increase in the 
magnitude o f  the hydroxide-ion catalysis constant. This figure is con- 
sideraMy larger than that (150) found (9) for the introduction of +NH3 
into the acyl portion ofethyl acetate. The difference in magnitude of' these 
two tigures is consistent with the generally accepted postulate that the 
rate of formation of a tetrahedral intermediate is the rate-determining 
step in the hydroxide-ion-catalyzed hydrolysis of phenolic esters ( lo),  
whereas the rate of breakdown of a tetrahedral intermediate also is in- 


Table 111-Values of Microscopic Rate Constants a for 
Hydrolysis of Esters I1 and I l l  in Aqueous Solutions at 25", 
p =  1.0M 


106 k A  ', kBC, kCd,  
Compound M-' min-' M-' min-' M-' min-' 


.~ ~~~ 


I1 6.10 (f0.52) 18.70 (f l . lO)  14.40 (f0.50) 
111 7.75 (f0.65) 3.97 (f0.33) 1.00 (f0.08) 


Calculated by a curve-fitting technique from the data in Fig. 1. For the re- 
actions EH+ + H20 - in the case of ester I1 and EH* + H20 - in the case of ester 
111. For the reactions EH+ + OH- - in the case of ester I1 and EH* + OH- - 
in the case of ester 111. For the reactions E + OH- - in the case of ester I1 and 
E- + OH- - in the case of ester 111. 
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NHCOCH, NHCOCHB 
I I 


Table IV-Values of Microscopic Rate Constants a for 
Hydrolysis of Ester IV in Aaueous Solution at 25". u = 1.0 M 


-O--C-kH, 


0 
II 


IVa IVb 
volved in determining the hydrolysis rate of esters of more basic alcohols 
(11). Hence, a substituent such as +NH3, which acts primarily by stabi- 
lizing the transition state for tetrahedral intermediate formation (6,7), 
should have a greater effect on the hydrolysis rate of phenolic esters than 
on esters of aliphatic alcohols, 


The line for ester IV in Fig. 1 was calculated on the basis that the major 
reactions of the a-aspartic acid ester (IV) between pH 1.5 and 11.0 
were: 


EH*- ky - 
where E- and EH* are the zwitterion and anion of the ester, respectively. 
The rate law for these reactions is: 


E-- kg - 


The acid dissociation constants of ester IV could not be measured because 
of its extreme instability in water. However, it was expected that the 
values would be close to those of a-ethyl aspartic acid (2), i.e., 9.12 X 
(for the cation ionizin to yield EH*) and 3.16 X (for EH* + E- + 
H+). The values of kA and kiv that were used to calculate the curve in 
Fig. 1 are listed in Table IV. 


The pH-rate profile for the hydrolysis of ester IV is markedly different 
from that of the esters I1 and 111. At pH values slightly above the pKa of 
the carboxyl group of IV (-3.0), the decomposition rate of IV surpassed 
that of its isomer, 111, almost 900 times. Also, the decomposition rate of 
IV was not catalyzed by any buffer species used in this study, and it was 
pH independent when the concentration of the zwitterion or the anion 
of IV was essentially constant. These phenomena can be accounted for 
best by postulating that the predominant reactions were intramolecular 
carboxylate-ion-catalyzed reactions involving the zwitterion IVa between 
pH 2 and 6 and the anion IVb between pH 6 and 11. The first-order rate 
constants for the first two reactions, ky and kiv, are given in Table 
IV. 


Similar mechanisms previously were proposed (8, 12) to account for 
the hydrolysis of the acid succinate ester of phenols including p-aceta- 
midophenol. The pH-rate profile for the latter reaction (9) is shown as 
the dashed line in Fig. 1. 


The hydrolysis of ester IV is subject to intramolecular nucleophilic 
catalysis, and its hydrolysis rate is much faster than that of the ester I1 
between pH 2 and 10. It was shown previously (13) that both a- and 
P-aspartic acid esters of ethanol hydrolyze more slowly than the glycinate 
ester and that the pH-rate profiles for all three compounds have similar 
shapes. These results suggest that the predominant hydrolysis reactions 
of the aliphatic alcohol esters are intermolecular reactions and that in- 
tramolecular nucleophilic catalysis is not significant in aspartic acid esters 
with such strongly basic leaving groups at  CzH50-. 


The line for ester 111 in Fig. 1 was calculated on the basis that the major 
reactions that occurred during its hydrolysis were: 


16 


EH' + HzO - kzr -.+ 


EH* + OH- - k:' - 
E- + OH-- k!' - 


Reaction Rate Constant Value, min-' 


EH* - products k 5' 0.135 
E- - Droducts kg 1.06 


Calculated by a curve-fitting technique from the data in Fig. 1. 


succinate or a-aspartic acid esters that the intramolecular catalyzed re- 
action is unfavorable relative to the intermolecular reactions. The k:' 
and kgl  values are smaller than the k g  and k #  values to the extent that 
could be expected (14,15) to result from moving the NHz or +NH3 group 
one carbon atom farther away from the ester carbonyl group. 


Buffer Catalysis of Ester I1 Hydrolysis-The catalytic effects of 
oxy anions (and water) on the hydrolysis of I1 were similar to what was 
found previously (16) for the same species on the hydrolysis of esters 
activated in the acyl portion such as ethyl dichloroacetate. This result 
is demonstrated by the linearity of the plot (Fig. 2) of log k b  values for 
the reactions of I1 uersus the log kb values for the reactions of ethyl di- 
chloroacetate (log ko). Although the leaving group in the hydrolysis of 
I1 is a phenolate ion (i .e. ,  a relatively weak base), it is expected (10) that 
the rate of breakdown of a tetrahedral intermediate rather than the 
formation rate would be the rate determining step for nucleophilic ca- 
talysis in the reactions of I1 and ethyl dichloroacetate that are catalyzed 
by water and the oxy anions except hydroxide ion. Furthermore, on the 
basis of previous arguments (10,16), water and formate ion probably are 
acting as general base catalysts, acetate ion probably is acting as both 
general base and nucleophilic catalysts, and phosphate ion and hydroxide 
ion probably are nucleophilic catalysts. 


The second-order rate constant for aminolysis of the I1 cation by a 
molecule of neutral tromethamine fell close to the line in Fig. 2. Thus, 
the characteristics of this aminolysis reaction apparently are also similar 
to those (16) of the aminolysis of other aromatic esters or of aliphatic 
esters activated in the acyl portion. 


The catalysis of the hydrolysis of I1 in sodium bicarbonate solutions 
can be accounted for on the basis of the sequence of reactions (Scheme 
I) proposed by Hay and Main (17) to account for the carbon dioxide- 
catalyzed hydrolysis of p-nitrophenyl esters of glycine and other a-amino 
acids. Hay and Main observed that values of kcaJfEfCOa for reactions of 
p-nitrophenyl esters of a-amino acids were pH independent, and they 
concluded that a rate-determining reaction between the a-amino acid 
ester and carbon dioxide was followed by the rapid formation of a Leuchs 
anhydride and p-nitrophenol. 


In contrast to this situation, values of kcaJfdco2 for reactions of ester 
I1 (Table 11) in the presence of sodium bicarbonate were pH dependent 
throughout the 6.0-8.85 range. A plot of fEfC021kcat uersus the activity 
of hydrogen ion was linear ( r2  = 0.999) with an intercept of 5.43 X 
and a slope of 2.55 X lo4 when aH+ = 0. 


This hehavior can be accounted for by assuming that, under the ex- 
perimental conditions, the concentration of carbamate remained es- 
sentially constant. This assumption leads to: 


(Eq. 4) 
fEfcop - k3(k-l+ kz) + k-lk-zaH+ 


where fCOz is the fraction of bicarbonate buffer that exists as carbon 
dioxide and fE  is the fraction of ester that exists as a neutral molecule. 


This assumption requires that the decomposition rate of carbamate 
to yield the Leuchs anhydride and phenol is not much greater than the 
carbamate decomposition rate to yield reactants. Conversely, the con- 
clusion that the formation rate of the carbamate from reactants is rate 
determining in the reactions of p-nitrophenyl esters infers that the de- 
composition of the carbamates to Leuchs anhydride and p-nitrophenol 


kcet klkZk3 


0 0 0 
II k l  II + II k -2 


CO, + NH&HZC-OR __ -O-C-NHzCH$-OR' % 
I_ 


n2 V R - I  


where E- represents the anion of 111 and E* is its zwitterionic form. The 
acid dissociation constant of 111 was calculated to be 5.01 X at 25O 
and f i  = 1.0 M. Values of the microscopic rate constants were calculated 
in the same way as the corresponding values for ester I1 (Table 111). 


to that for ester I1 and differs significantly from that for ester IV. Hence, 


I11 involve inter- rather than intramolecular reactions. Apparently, the 
'NH3 or NHz substituent adjacent to the carboxylate group in the 
zwitterion or anion of 111 makes cyclization so unfavorable relative to the 


I1 


0 0 
k ,  HN-CH, + -OR' 


II II 
The pH-rate profile for the hydrolysis of ester I11 is similar in shape 


i t  can be concluded that the predominant hydrolysis reactions of ester 


-o-c-NHCH~C-oR' + H+ - o=h, ,I: 
VI 0 I1 


0 


Leuchs anhydride 
Scheme I 
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Figure 2-Comparison of the second-order rate constants for the re- 
actions of some general bases and nucleophiles with ester II (kb) (0) 
to those for the reactions of the same reagents with ethyl dichloroacetate 
(ka). The corresponding rate constants for the reactions of water, acetate 
ion, and hydroxide ion with phenyl acetate also are shown (0) 


in these reactions is substantially faster than its decomposition to yield 
reactants. 


These conclusions are consistent with the expectation that p-nitro- 
phenol is a better leaving group than p-acetamidophenol. 


This efficient type of catalysis of amino acid ester hydrolysis by carbon 
dioxide is particularly interesting when considering the in uiuo hydrolysis 
of amino acid esters of drugs since most biological fluids contain -3 X 


EXPERIMENTAL 


10-3 M coZ. 


Materials-All chemicals were reagent grade unless otherwise spec- 
ified. Morpholine was dried over anhydrous calcium sulfate and distilled. 
Freshly boiled double-distilled water was used in all kinetic experi- 
ments. 
p-Acetamidophenyl-N-carbobenzoxyglycinate (VI1)-A sus- 


pension of N,N'-dicyclohexylcarbodiimide (0.26 M )  in dry methylene 
chloride was added to an equal volume in dry tetrahydrofuran of a solu- 
tion ofp-acetamidophenol (I), and the mixture was stirred at  0 f 2' for 
40 hr. Then N,W-dicyclohexylurea, mp 22-29' [lit. (18) mp 29-30'], was 
filtered off (70% yield). Gradual reduction in volume of the filtrate under 
reduced pressure initially resulted in precipitation of I, which was filtered 
off, and then resulted in an -1:l mixture of p-acetamidophenol and VII. 
The filtrate finally yielded a syrup, which, after treatment with acetic 
acid to decompose excess N,N'-dicyclohexylcarbodiimide, filtration, and 
cooling, yielded more product. The crude ester, together with some I, was 
recrystallized from acetone, mp 140-142'. 


Hydrobromide of 11-A solution of hydrobromic acid (2-3 M )  in 
acetic acid was prepared by bubbling the gas through the acid. The ester 
VII was dissolved in this solution (10 g/100 ml) and then stirred for 2 hr. 
Precipitation of the product was completed by the addition of ether- 
acetic anhydride (91). The crude product was washed with warm ether 
and acetone and recrystallized from methanol-acetone. The resulting 
product (80% yield) had a melting point of 228-230'; NMR (DzO): 6 1.95 
(s, 3H, CH3), 4.05 (d, 2H, CHz), 7.00 (d, 2H, aromatic H ortho to oxygen), 
and 7.24 (d, 2H, aromatic H ortho to amide). 


Anal.-Calc. for C10H13BrN~03: C, 41.5; H, 4.5; N, 9.7. Found: C, 41.3; 
H, 4.6; N, 9.5. 


N-Carbobenzoxy-L-aspartic Acid Anhydride (VII1)-One part 
of N-carbobenzoxy-L-aspartic acid, which had been dried and powdered, 
was mixed with three parts of acetic anhydride. The mixture was agitated 
for 1 hr and then allowed to react a t  room temperature for 15 hr. The 
product that  precipitated when the solution was poured over ice was 
washed with cold water and ether. The waxy platelets had a melting point 
of 108-109'. 


a- and 8-p-Acetamidophenyl-N-carbobenzoxy-L-aspartates (IXa 
and 1Xb)-A solution of I in aqueous sodium hydroxide (equimolar) was 
cooled to  1'. A suspension of VIII in methylene chloride (1 mole of VIII 
to 2 moles of I) gradually was added to the cooled solution of p-acet- 
amidophenoxide with constant stirring. The final ratios of water and 
methylene chloride in the mixture were 1:2. The mixture was stirred a t  
1' for 50 min, after which time the layers were separated. The aqueous 
layer was acidified with sufficient 5 N HCl to cause the separation of an 
oily layer and then was refrigerated. A pasty product, obtained following 
decantation of the supernatant liquid, was dried over phosphorus pent- 
oxide in uacuo. 


TLC of the product [on plates' impregnated with a 0.4 M formate 
buffer a t  pH 4; developed with ethyl acetate-butanol(41)l indicated that 
it contained I and two other compounds, which were subsequently 
identified as IXa and IXb. A 2% solution of the crude product in ethyl 
acetate was extracted in succession with pH 5,0.4 M acetate-pH 6.3,0.2 
M sodium phosphate (5:l). TLC indicated that the more acidic buffer 
contained an almost pure sample of one of the isomeric esters. I t  was 
expected, and later confirmed, that this ester was the isomer with a pKa 
of 2.04 a t  25', and it was concluded to be IXb. Acidification of this solu- 
tion yielded a white solid, mp 154-157'. 


Anal.-Calc. for CzoHzoNz07: C, 59.6; H, 5.0; N, 7.0. Found: C, 58.2; 
H, 4.9; N, 7.5. 


The other buffer, upon acidification, yielded solids with lower melting 
points than IXb. TLC suggested that these solids were mixtures of IXa 
and 1x6,  but no successful method of separating them was found. 


Hydrochloride of 111-A catalyst consisting of 10% palladium-on- 
charcoal (18) was added to a 10% solution of IXb in dry methanol. Hy- 
drogen was washed in dioxane and passed via a calcium chloride tube 
through the solution under moderate pressure for 5 hr. Precipitation of 
the product was completed by the addition of dry ether. The precipitated 
product was freed from the catalyst by elution with methanolic hydro- 
chloric acid. Addition of ether to the eluent resulted in the precipitation 
of the hydrochloride of I11 which, after recrystallization from methanolic 
hydrochloride, had the following characteristics: mp 189-190'; NMR 


lH ,  CH), 7.00 (d, 2H, aromatic H ortho to oxygen), and 7.24 (d, 2H, ar- 
omatic H ortho to amide); pKa, 2.04 f 0.06; pKaz, 8.22 f 0.06. 


Anal.-Calc. for C ~ ~ H ~ ~ C I N Z O ~ :  C, 47.6; H, 5.0; N, 9.3. Found: C, 47.4; 
H,  5.0; N, 9.3. 


Mixture (5050) of Hydrochlorides of 111 and IV-When a mixture 
of the esters IXa and IXb was treated with hydrogen and catalyst in the 
manner previously described and the reaction mixture was filtered to 
remove excess catalyst and then reduced in volume, an -50:50 mixture 
of the hydrochlorides of I11 and IV was recovered. This mixture had the 
same elemental analysis as the hydrochloride of 111, but its NMR spec- 
trum also contained peaks at  6 3.05 (d, lH, CHz), 3.19 (s, lH, CHz), and 
4.67 (4, lH, CH). The conclusion that the mixture was 5050 was based 
on comparisons of the areas under the proton peaks. 


Acid Dissociation Constants-Dissociation constants were measured 
at  25.0 f 0.1' by using the potentiometric methods described previously 
(19). 


Rate  Constants-Rate constants were calculated from changes in UV 
absorbance at  282 or 242 nm that followed the mixing of solutions of the 
esters (usually 1-3 pl of aqueous solutions of I1 or I11 or a methanolic 
solution of I11 and IV) with aqueous buffers (2.5 or 5.0 ml). Reactions that 
had a half-life of <20 sec were followed on a stopped-flow spectropho- 
tometer after equal volumes of aqueous solutions were mixed. The ionic 
strength of all reaction solutions was 1.0 M (adjusted with potassium 
chloride), and the temperature was maintained at  25.0 f 0.1'. The buffers 
and pH ranges used were: formate, 1.9-4.1; acetate, 4.7-5.1; phosphate, 
5.4-7.1; glycine, 9.8-10.5; tromethamine, 7.4-9.2; pyrophosphate, 7.7-9.0; 
morpholine, 8.3-9.3; carbonate, 9.85-10.7; and sodium hydroxide, >11.5. 
The initial substrate concentration was always 


Pseudo-first-order rate constants for the hydrolyses of I1 and 111 were 
calculated from linear plots of log (A - A,) uersus time (A and A, being 
the absorbance at  a particular time and infinite time, respectively). Plots 
of log (A - A,) uersus time were biexponential for the hydrolysis of the 
mixtures of I11 and IV. Values of the rate constants for hydrolysis of I11 
were calculated from the terminal slopes of such plots, and they agreed 
well with values that were determined using pure 111. Values of the rate 
constants for hydrolysis of IV were calculated from the initial portions 
of the curves by using a feathering technique (20). 


Rate constants were reproducible in a t  least three runs to within 
f5%.  


(DzO): 6 1.95 (s, 3H, CH3), 3.10 (d, lH, CHz), 3.25 (s, lH ,  CH2), 4.35 (9, 


M. 


Polygram Sil N-HR. 
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Abstract 0 The absorption of captopril (I), a new antihypertensive 
agent, was studied in mice and rats at doses (50 and 1350 mghg) ad- 
ministered in the diet in chronic toxicological studies. 3H- or 35S-Labeled 
I was administered by gavage and in the diet to male and female animals 
in a two-way crossover study. Animals received daily doses of nonra- 
diolabeled I in the diet for 25 days, except on Days 15 and 22 when ra- 
diolabeled I was administered either by gavage or in the diet. Absorption 
of the total radioactivity in 2-month-old mice averaged 49 and 48%, re- 
spectively, of the 50- and 1350-mghg doses given in the diet and 57 and 
65%, respectively, of the doses given by gavage. The bioavailability of I 
in 2-month-old mice averaged 48 and 39% (diet) and 44 and 59% (gavage) 
of the 50- and 1350-mg/kg doses, respectively. In 2-month-old rats, ab- 
sorption of the total radioactivity averaged 41% of the 50-mg/kg dose 
given in the diet. In 2- and 15-month-old rats, minimum absorption of 
the 1350-mghg dose averaged 36 and 45% (diet) and 51 and 71% (gavage), 
respectively; the minimum bioavailability averaged 29 and 29% (diet) 
and 39 and 44% (gavage), respectively. These studies demonstrate ade- 
quate absorption and bioavailability of I over a wide range of doses from 
the drug-diet mixtures and by young and old animals and also illustrate 
a useful experimental design for the estimation of relative oral absorption 
of a drug administered continuously in the diet over several days. 


Keyphrases 0 Captopril-absorption and bioavailability, gavage and 
dietary administration, mice and rats Metabolism-absorption and 
bioavailability of captopril, gavage and dietary administration, mice and 
rats 0 Antihypertensives-absorption and bioavailability of captopril, 
gavage and dietary administration, mice and rats 


year period, I was administered daily in the diet to mice 
and rats at  50, 150, and 1350 mg/kg. The present study 
evaluated the effects of food and of repeated daily ad- 
ministration of 50- and 1350-mglkg doses of I on its ab- 
sorption and bioavailability in 2-month-old mice and rats 
and 15-month-old rats. 


Investigations in animals and in uitro indicate that I is 
chemically unstable in biological fluids and undergoes 
rapid autoxidation to form 111, the disulfide dimer of I, and 
other products. To prevent or minimize such processes, a 
procedure for immediate conversion of I to I1 in biological 
samples was established (5-7) (Scheme I). This procedure 
was utilized in the determination of nonlabeled I using 
GLC-mass spectrometry (7) and of radiolabeled I using 
thin-layer radiochromatography (6). Since radiolabeled 
I was necessary to determine absorption in the present 
study, thin-layer radiochromatography was used. 


Captopril (I), 1-[(2S)-3-mercapto-2-methyl-l-oxo- 
propyll-L-proline, is a potent and specific inhibitor of the 
enzyme that catalyzes the conversion of angiotensin I to 
angiotensin I1 (1) and was an orally effective antihyper- 
tensive agent in extensive clinical trials (2-4). The dispo- 
sition of I in normal subjects was reported recently (5). 
Specific assays for determination of I as its N-ethyl- 
maleimide derivative (11) also were reported (6,7). 


In oral toxicological and pathological studies over a 2- 


I N-eth ylmaleimide 


PH -1 1 
0 


I1 
Scheme I 
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Figure 7-Semilog plot of plasma concentration (0) versus time fol- 
lowing oral sulfadimethorine administration to one animal. Points were 
experimentally obseroed, and lines were calculated. The points and the 
solid line were multiplied by 2 to separate these values from the dashed 
lines representing free and bound drug concentrations. 


presented in Table IV. The lines in Figs. 4 and 7 were calculated using 
the best fit values of the parameters. 
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Abstract A rapid capillary GLC method for the analysis of conjugated 
estrogen tablets and injectable formulations is described. The method 
involves the hydrolytic cleavage of the sodium sulfate ester conjugates 
by sulfatase enzyme. The free phenolic steroids are reacted sequentially 
with hydroxylamine hydrochloride and N,O-bis(trimethylsily1)trifluo- 
roacetamide. The resulting dual derivatives are analyzed on a 15-m glass 
capillary column wall coated with a cyanopropylmethyl silicone phase. 


Keyphrases Estrogens, conjugated-quantitative determinations 
by capillary GLC GLC, capillary-quantitative determination of 
conjugated estrogens Steroids-conjugated estrogens, quantitative 
determination by capillary GLC 


Conjugated estrogens is the official name (1) given to a 
group of closely related steroids derived from the urine of 
pregnant mares. These naturally occurring, water-soluble 
salts have been used since 1942 for the treatment of es- 
trogen deficiency symptoms associated with menopause. 
Only recently, however, have the structures of these ste- 
roids been collectively reported (2) and quantitative 
methods developed (3,4). For many years, the accepted 


method of analysis was that contained in USP XVIII (51, 
which specified colorimetric methods and limits for the 
major steroids, estrone and equilin, as well as for total es- 
trogen content. An absorbancy ratio requirement was in- 
cluded in the identification tests for an unspecified ste- 
roid. 


Recent revisions of the USP/NF (1) included a GLC 
identification test based on a published method (3) but 
retained the iron-kober chromogenic reagent for the assay 
of estrone, equilin, and total estrogen content. The iden- 
tification test requires a prominent peak for one steroid, 
17a-dihydroequilin, and this substance probably is the 
steroid monitored by the previous USP ( 5 )  identification 
test. 


BACKGROUND 


A consequence of the broad and nonquantitative specifications for the 
major and minor steroids is that compendia1 standards may not ensure 
pharmaceutical equivalence. More rigorous specifications for the indi- 
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Table I-Assay a of a Multiple-Injection Vial 


Percentage Component 1 2 3 4 Mean f SD 
~~ ~ ~~ 


17a-Estradiol 0.0210 0.0204 0.0209 0.0206 0.0207 f 0.0002 2.82 
17P-Estradiol 0.0072 0.0085 0.0143 0.0144 0.0111 f 0.0037 1.51 
17a-Dihydroequilin 0.1177 0.1209 0.1157 0.1244 0.1196 f 0.0038 16.29 


Estrone 0.3472 0.3593 0.3519 0.3478 0.3515 f 0.0055 47.87 
Equilin 0.1626 0.1674 0.1675 0.1673 0.1662 f 0.0024 22.64 
17a-Dihydroequilenin 0.0130 0.0113 0.0098 0.0083 0.0106 f 0.0020 1.44 


Equilenin 0.0491 0.0463 0.0433 0.0431 0.0454 f 0.0028 6.18 


17P-Dihydroequilin 0.0076 0.0084 0.0084 0.0083 0.0081 f 0.0003 1.10 


170-Dihydroequilenin 0.0014 0.0011 0.0005 0.0003 0.0008 f 0.0005 0.11 


Total, mg rn m iI73-23 m 
Total X 1.38. me 1.0029 1.0254 1.0105 1.0136 ::E; 


___ 


Amount is expressed as milligrams of each steroid in a 1.0-mg aliquot. Amount of conjugated estrogens found = 1.0131 f 0.0093 mg. 


vidual steroids are needed, especially in view of the widely varying 
potencies of each steroid in the mixture. For example, 17P-estradio1, al- 
though a minor component, exhibits 12 times the potency of the major 
steroid, estrone (6). Many methods have attempted to resolve all of the 
components of this relatively complex mixture, including paper chro- 
matography (7-9), TLC (10-14), high-performance liquid chromatog- 
raphy (15-18), and GLC (2-4,19-23). Of these, two GLC methods were 
capable of resolving most of the components and were applied toward 
quantitation of the pharmaceutical product (3, 4). However, both 
methods suffer from either long chromatographic times and poor column 
stability (3) or the need for dual injections and lack of resolution of 
176-estradiol from 17a-dihydroequilin (4). In addition, the quantitation 
of the estrogens was further hindered by the presence of an impurity 
subsequently identified as equol(21). This impurity, if not removed prior 
to analysis, would interfere with both GLC methods (3,4). This inter- 
ference has necessitated the removal of this impurity by a lengthy ex- 
traction step (4). 


As an alternative to packed column chromatographic analysis of the 
equine estrogens, capillary columns were recently used (24). However, 
the method did not significantly improve the resolution of estrone and 
equilin and did not address the problem of resolution of 17P-estradiol 
from l7a-dihydroequilin. Similar efforts in this laboratory resulted in 
the complete resolution of all known equine estrogens present in conju- 
gated estrogens using a highly polar capillary column (25). The present 
study was based on the capillary column separation reported earlier (25) 
but included a quantitative determination of all known estrogens as well 
as a reported impurity, equol, in tablet and injectable formulations. 


EXPERIMENTAL 


A gas chromatograph' equipped with a capillary inlet system, a 
flame-ionization detector, and a data terminal2 was used for all mea- 
surements. 


A commercial 15-m X 0.25-mm borosilicate column3 wall coated with 
cyanopropylmethyl silicone liquid phase (Silar lOC) was used with a 
helium carrier gas flow of 0.8 ml/min through the column and a split vent 
flow of 40 ml/min. The column inlet pressure was 10 psi. The injector and 
detector temperatures were both 250'; the oven temperature was pro- 
grammed from 170' for 7 min, heated at  2.3'/min to 220°, and main- 
tained at this temperature for 5 min. 


GLC-mass spectral data4 were obtained with electron-impact ion- 
ization at 70 ev. 


Materials-Reagent grade chloroform, acetic acid, sodium acetate, 
and anhydrous sodium sulfate were used. N,O-Bis(trimethylsily1)tri- 
flu~roacetamide~ and pyridine5 were silylation grade. Sulfatase enzyme6, 
ethinyl estradiol7, hydroxylamine hydrochloride8, and equine estrogensg 
were used as received. 


Sample Extraction and Preparation-Tablets-Twenty tablets 
were weighed and powdered, and an amount equivalent to 1 mg of con- 
jugated estrogens was weighed into a 50-ml, polytef-lined, screw-capped 
culture tube. To this tube was added 15 ml of an acetate buffer (0.02 M, 
pH 5.21, and the tube was shaken mechanically for 20 min. An amount 


Model 5830 A Hewlett-Packard, Avondale, Pa. 
Model l8850A, Hewlett-Packard, Avondale, Pa. 
Alltech Associates, Rockford, Ill. 
Varian Mat 111 mass spectrometer, Hewlett-Packard 5700A gas chromato- 


Pierce Chemical Co., Rockford, Ill. 
Type H-2, Sigma Chemical Co., St. Louis, Mo. 
Sigma Chemical Co., St. Louis, Mo. 
British Drug Houses, London, En land. 
Ayerst Pharmaceuticals, Montreaf Canada. 


graph, and Varian 621L  computer. 


equivalent to 2000 units of sulfatase enzyme was added, and the contents 
were incubated in a water bath at  45O for 30 min with occasional shaking. 
Then 0.2 ml of the internal standard, ethinyl estradiol, was added in 10 
ml of chloroform, and the tube was shaken mechanically for an additional 
30 min. 


After centrifugation at  2000 rpm for 15 min, the chloroform layer was 
separated as completely as possible and filtered through a bed of anhy- 
drous sodium sulfate. The filtrate, 3 ml a t  a time, was evaporated to 
dryness under a clean nitrogen stream in a 5-ml conical viallo. To the 
residue was added 200 pl of a 2% solution of hydroxylamine hydrochloride 
in dry pyridine. The polytef-lined screw-capped vial was heated in an 
aluminum block" at  70' for 30 min. The excess pyridine in the vial was 
evaporated under a gentle stream of clean, dry nitrogen, 150 p1 of N,O- 
bis(trimethylsily1)trifluoroacetamide and 50 pl of dry pyridine were 
added, and the vial was heated at  70' for an additional 10 min. Then 2 
p1 of the resulting solution was injected directly into the gas chromato- 
graph. Peak identification was confirmed by comparison of retention 
times with those of pure standards. 


Injectable Formulation-The contents of a 25-mg multiple injection 
vial were dissolved in an acetate buffer and brought to volume in a 50-ml 
volumetric flask with acetate buffer. An aliquot equivalent to 1 mg of 
conjugated estrogens was processed as described. 


RESULTS AND DISCUSSION 


Conjugated estrogens exist in the pharmaceutical product as the so- 
dium salts of the sulfate esters. For GLC analysis, it was necessary to 
hydrolyze these esters to their free phenolic forms. Two hydrolysis 
methods were used previously. The first method (2) involved the use of 
hydrochloric acid at  elevated temperature, and the second consisted of 
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MINUTES 


Figure 1-Chromatogram 
of a standard mixture of 
equine estrogens as their 
oxime-trimethylsilyl de- 
rivatives. Key: 1, 17a-es- 
tradiol; 2,17P-estradiol; 3, 
1 'la-dihydroequilin; 4, 
17P-dihydroequilin; 5, 
ethinyl estradiol (internal 
standard); 6, estrone; 7, 
equilin; 8, 17a-dihydro- 
equilenin; 9, 17P-dihydro- 
equilenin; and 10, equi- 
lenin. 


~ ~ ~~~ 


lo Reacti-Vial, Pierce Chemical Co., Rockford, 111. 
l1 Reacti-Therm heating module, Pierce Chemical Co., Rockford, 111. 
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Figure 2-Chromatogram of 
equine estrogens as their oxime- 
trimethykilyl derivatives derived 
from a multiple-injection vial, 
Key: 1, 17a-estradiol; 2, 178-es- 
tradiol; 3, 17a-dihydroequilin; 4,  
17@-di/iydroequilin; 5 ,  ethinyl 
estradiol (internal standard); 6, 
estrone; 7, equilin; 8, 170-dihy- 
droequilenin; 9, 178-dihydro- 
equilenin; and 10, equilenin. 
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incubation with sulfatase enzyme (3). The use of hydrochloric acid to 
hydrolyze steroid sulfates is known to cause steroid transformations (26, 
27); and since it was considered essential to measure the original com- 
ponents of the mixture without creating artifacts during workup, acid 
hydrolysis could not be used. Although optimum conditions for the use 
of the sulfatase enzyme were established previously (4), it wm considered 
necessary to ascertain that phosphates, suspected to be present in one 
formulation, did not inactivate the enzyme. Accordingly, a series of en- 
zyme concentrations was incubated with identical aliquots of this tablet 
formulation, and an optimum enzyme quantity of 2000 units was found 
to yield maximum estrogen quantities. Above this value, no increase in 
estrogen levels was noted. 


A prior examination of derivative combinations and capillary column 
phases led to the development of an excellent separation of all known 
equine estrogens as a dual derivative (25). Among the derivatives eval- 
uated, an oxime-trimethylsilyl combination was most suitable. 


As shown in Fig. 1, the chromatogram obtained for the oxime-tri- 
methylsilyl derivatives exhibited excellent resolution of the equine es- 
trogens. The potent steroid, 178-estradiol, was well resolved from 
17a-dihydroequilin, as was estrone from equilin. These two steroid pairs 
presented the greatest problems in previous chromatographic methods. 
In addition, the total chromatographic time was shortened as compared 
to the values, 55 (4) and 70 (3) min, reported earlier. 


The chromatographic properties of samples obtained from hydrolysis 
of commercial formulations of conjugated estrogens are shown in Figs. 


Ii 
Figure 3-Chromatogram of 
equine estrogens as their oxime- 
trimethylsilyl derivatives derived 
from a 2.5-mg tablet. Key: 1,  
17a-estradiol; 2,178-estradiol; 3, 
17a-dihydroequilin; 4,170-dihy- 
droequilin; 5, ethinyl estradiol 
(internal standard); 6, estrone; 7, 
equilin; 8,17a-dihydroequilenin; 
9, 178-dihydroequilenin; 10, 
equilenin; 11, equol; and 12, ethyl 
phthalate. 
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Table 11-Composition of Commercial Formulations Containing 
Conjugated Estrogens a 


~ ~~ ~ 


Sample 
25-mg Multiple- 


Component Injection Vial 2.5-mg Tablet 


17a-Estradiol 2.82 
178-Estradiol 1.06 
17a-Dihydroequilin 16.23 
17P-Dihydroequilin 1.11 
Estrone 48.07 
Equilin 22.45 
17a-Dihydroequilenin 1.65 
17P-Dihydroequilenin 0.11 
Equilenin 6.49 
Equol - 


~ 


0.66 
0.12 
2.87 
0.23 


62.01 
26.95 
1.12 
0.12 
6.51 
3.85 


a These results represent the percentage of each conjugated estmgen; each value 
is the average of two assays. The formulations are from two different manufac- 
turers. 


2 and 3. Unlike the chromatogram shown in Fig. 1 and those reported for 
the commercial products using conventional packed columns, these 
chromatograms exhibit evidence of several additional minor components. 
One may be 9-dehydroestrone; however, a reference standard for this 
material was not available for comparison. The two commercial formu- 
lations display significant qualitative and quantitative differences. The 
formulation shown in Fig. 3 contained ethyl phthalate (retention time, 
7.32 min) and equol (retention time, 22.07 min). The identities of these 
two extraneous substances were confirmed by comparison of their GLC 
and mass spectral characteristics. Ethyl phthalate is a probable residue 
from the tablet film-coating process, while equol was previously reported 
(21) as a contaminant of equine estrogens in some formulations. Since 
the present method can resolve equol from the equine steroids, prewash 
of the unhydrolyzed sample with benzene (4) is unnecessary since equol 
will not interfere with quantitation. Elimination of this purification step 
further reduces the total analysis time. 


The subsequent quantitation of the separated equine estrogens was 
accomplished by determining the relative response ratios of samples of 
each individual equine estrogen as compared to the internal standard, 
ethinyl estradiol. At  least six aliquots of each steroid, at levels bracketing 
the anticipated quantity in the mixture, were analyzed with a constant 
amount of internal standard. For all determinations, the correlation 
between the peak area ratios and concentrations was 20.998. The pre- 
cision of the assay was checked by duplicate injections of four aliquots 
taken from a single 50-ml solution prepared from a multiple-injection 
vial. Each of the four aliquots was separately hydrolyzed, extracted, de- 
rivatized, and assayed. The mean and standard deviation of each steroid 
and the total are given in Table I. 


Quantitation of conjugated estrogens in some available formulations 
provided the data shown in Table 11; unlike with previous methods (3, 
4), the quantity of 17P-estradiol now can be determined with certainty. 
In addition, it was found that the quantity of equilenin was double the 
amounts reported earlier, perhaps because of the increase in sensitivity 
due to the shorter retention time in the present chromatographic 
assay. 
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Other Pharmacological Properties 
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Abstract Two novel series of thio compounds bearing internal 
structural modifications of hexestrol were synthesized as potential an- 
ticancer agents. The first contains several N-substituted thiourea func- 
tions, and the second contains various N4-substituted-3-thiosemicar- 
bazide moieties in place of one a-ethyl group of hexestrol dimethyl ether. 
The products showed no antileukemic activity in the P-388 lymphocytic 
leukemia system and did not exhibit any anticonvulsant or estrogenic 
properties. 


Keyphrases Hexestrol-structurally related thiourea and thiosemi- 
carbazide derivatives as anticancer agents 0 Anticancer drugs, poten- 
tial-compounds related to hexestrol, screened against P-388 lymphocytic 
leukemia Thioureas-synthesis, hexestrol derivatives, evaluation of 
anticonvulsant and anticancer activities Thiosemicarbazide-synthesis 
of hexestrol derivatives, evaluation of anticonvulsant and anticancer 
activities 


Concurrent with ongoing studies of the cyclodesulfuri- 
zation of thio compounds into various heterocyclic deriv- 
atives (l), related studies have been concerned with the 
synthesis of thio compounds derived from menadione (2), 
phthiocol (2), steroids (3), diethylstilbestrol (4), and 
theophylline (5), the biologically active nuclei, for various 
pharmacological purposes. Extending these studies to 
compounds containing thio functions as internal modifi- 
cations of hexestrol, the thio derivatives IV-XI and 
XIV-XVIII (Scheme I) were prepared and tested for an- 
ticancer, estrogenic, and anticonvulsant activities. 


RESULTS AND DISCUSSION 


Chemistry-1,2-Bis(p-methoxyphenyl)butylamine (II), required as 
the starting material, was prepared through conversion of a-ethyl- 
desoxyanision (I) into the corresponding oxime (6), using hydroxylamine 


hydrochloride and potassium acetate in ethanol, followed by reduction 
of the product with aluminum amalgam in aqueous ethanol (7). The 
amine (11) was reacted with the equivalent amount of alkyl-, aryl-, or 
aralkylisothiocyanates (111) in refluxing ethanol to give N-[1,2-bis(p- 
methoxypheny1)butyll -"-substituted thioureas (IV-XI) in high yields 
(Table I). 


The treatment of the amine (11) with ethyl bromoacetate and sodium 
carbonate in anhydrous acetone gave the glycinate ester (XII), which was 
heated with excess hydrazine hydrate to yield the Nm-(1,2-bis(p- 
methoxyphenyl)butyl]-a-aminoacetohydrazide (XIII). Heating equi- 
molar amounts of this acid hydrazide and the selected isothiocyanate 
derivatives (111) in refluxing ethanol gave the required I-substituted- 
l-INa-[ 1,2-bis(p -methoxyphenyl)butyl] -a-aminoacetylJ-3-thiosemi- 
carbazides (XIV-XVIII) (Scheme I and Table I). The products were 
identified by the appearance of four bands at  1550-1525,1345,1320-1305, 
and 945-910 cm-', characteristic for the -NX=S amides of I, 11,111, and 
IV, respectively, in the IR spectra (5,8). 


The PMR spectra of representative examples of the thiourea deriva- 
tives IV, VIII, and IX and the thiosemicarbazides XIV, XV, and XVII 
showed the common protons resonating at  various shifts (Table 11). In 
addition to these signals, the other NH proton of the thiourea part was 
identified at  various shifts depending on the substituent present. It ap- 
peared as a triplet at 6 5.90 ppm for the ally1 derivative (IV), as a singlet 
at 6 8.11 ppm for the m-tolyl derivative (VIII), and as a multiplet a t  6 6.11 
ppm for the benzyl thiourea (XI). Likewise, the N4-H proton of the 
thiosemicarbazides appeared as a broad multiplet a t  6 6.59 and 6.54 ppm 
for XIV and XV, respectively, and as a singlet a t  8 8.57 ppm for XVII. 


The mass spectrum of N-[1,2-bis(p -methoxyphenyl)butyl] -N'-benzyl- 
thiourea (XI) did not show the molecular ion peak at  mlz 434. However, 
it  indicated that the compound had undergone fragmentation through 
two pathways (Scheme 11). The first pathway produced ions A and B at  
rnlz 284 and 150, while the second pathway gave ions C and D at rnlz 269 
and 165, respectively. These four ions, on further fragmentation, pro- 
duced various daughter ions (Scheme II), of which the tropylium ion at 
mlz 91 was almost as intense as the base peak at  mlz 78. The mass 
spectrum of the thiosemicarbazide (XVII) did not show the molecular 
ion peak at  m/z 506, but it showed the base peak at  miz 208 (see Exper- 
imental). 
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Abstract A rationale is developed for drug physicochemical property 
modification based on making derivatives that are substrates for known 
enzymes. The approach requires knowledge of the enzyme-substrate 
specificities to select the appropriate derivative. As a class, the digestive 
enzymes represent possible reconversion sites. It is shown that by using 
only known specificities of these enzymes, the physicochemical properties 
of a drug may be modified in almost any manner desired by appropriate 
derivative choice, with enzymatic regeneration remaining effective. The 
strategy is applied to making a stable aspirin derivative that is activated 
in uiuo. Of the derivatives made, aspirin phenylalanine ethyl ester was 
shown to he stable in suspension form for over 4 years. It was also shown 
that aspirin is regenerated from the derivative in the presence of the 
enzymes a-chymotrypsin and carboxypeptidase in uitro. This bio- 
chemical approach to drug physicochemical property modification offers 
a new and powerful rationale for improving drug product efficacy. 


Keyphrases Aspirin-derivatives, physicochemical property modi- 
fication strategies based on enzyme specificities, synthesis, and phar- 
maceutical properties 0 Derivatives-aspirin, physicochemical property 
modification strategies based on enzyme specificities, synthesis, and 
pharmaceutical properties Physicochemistry-aspirin derivatives, 
property modification strategies based on enzyme specificities, synthesis, 
and pharmaceutical properties 


A number of inherent undesirable properties may pre- 
clude the use of a drug molecule in clinical practice, and 
drug derivatization has been long recognized as an im- 
portant means of producing more efficacious pharma- 
ceutical products. Central to the prodrug design is in uiuo 
reconversion. The drug derivative must rapidly, or at  a 
controlled rate, be reconverted to the active therapeutic 
agent in uiuo while at the same time be sufficiently stable 
in uitro such that a stable pharmaceutical product can be 
developed. I t  was suggested (1) that hydrolytic enzymes 
could serve as an important class of reconversion sites. In 
the rational design of prodrugs, it is necessary to consider: 


P 
CH, CH, 
I I 


CONH--CH--COOC,H, CONH -&H -CONH, a OCOCH, a OCOCHI 
I I1 


CH, 
I 


I11 


( a )  what structural modifications of the parent molecule 
are necessary to reduce or eliminate the particular unde- 
sirable effect, and ( b )  what conditions are available in uiuo 
(enzymes, pH, etc.) to regenerate the parent molecule from 
the prodrug. 


The objective of this report was to develop and test a 
rationale for prodrug design using current knowledge of 
the hydrolase enzyme specificities. By combining the 
current understanding of the enzyme specificities with the 
need for drugs with more desirable pharmaceutical prop- 
erties, new and novel drug derivatives can be suggested. 
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Table I-Possible Changes in Physical Properties of Drugs with 
Free OH Groups 


O R  
I1 I 


D--O-C-+H-NHR' 
drug amino acid 


Change in Physical 
Drug Amino Acid R' ProDerties 


Nonpolar Polar-acidic- H, COCHs More polar- 
basic ionic 


Polar Nonpolar COCH3 Less polar 
Liquid at room Polar- H To a salt 


temperature nonpolar 


solubility (salt) 
Low aqueous Acidic-basic HCOCH3 To  acid or base 


This study attempted to make aspirin derivatives such that 
a stable suspension formulation could be made. A secon- 
dary goal was to reduce the local gastric irritation and 
bleeding associated with aspirin therapy. 


This report describes the synthesis and some pharma- 
ceutical properties of aspirin phenylalanine ethyl ester (I), 
aspirin phenylalanine arnide (II), and aspirin phenyllactic 
ethyl ester (111). 


THEORY 


Prodrug Considerations-On the basis of the known specificities 
of the enzymes reviewed (l), a general rationale for modification of a 
drug's physical properties can be developed. Given that a drug has a free 
carboxyl, amino, or hydroxyl group, corresponding esters or amides of 
amino acids can be made so as to alter the physical properties in almost 
any desired direction from that of the parent drug, with one or more of 
the hydrolase enzymes serving as the in uiuo reconversion site(s). 


The diverse properties of the various amino acid residues, combined 
with the fact that they are usually nontoxic, gives this approach wide 
applicability. Classifying the amino acids as nonpolar, polar, acidic, and 
basic, a given drug molecule may be made more or less polar or more or 
less soluble in a given solvent. Its acidbase properties may be altered or 
completely changed (i .e. ,  converted from acidic to basic drug or vice 
versa), or it may be converted from a neutral compound to an ionic (acidic 
or basic) compound or from an ionic to a neutral compound. Thus, great 
flexibility is afforded the pharmaceutical scientist in modifying physical 
properties of drugs using this rationale. 


Tables 1-111 briefly summarize some of these possibilities. In general, 
for compounds in Tables I and 11, a-chymotrypsin, trypsin, elastase, or 
an aminopeptidase could serve as a reconversion site. For compounds 
in Table 111, a carboxypeptidase or an initial cleavage of the ester group 
by a-chymotrypsin-trypsin-elastase followed by a carboxypeptidase 
would effect the reconversion. 


A recent example of a prodrug approach utilizing lipases as target sites 
for reconversion is the study by Baugess et at. (2). The acetate and do- 
decanoate esters of acetaminophen were shown to be substrates for li- 
pases. The acetate ester was completely hydrolyzed in 15 min in uitro, 
and its pharmacokinetics in dogs were indistinguishable from those of 
the parent drug. Since the proteolytic enzymes a-chymotrypsin and 


Table 11-Possible Changes in Physical Properties of Drugs 
with Free NH2 Groups 


O R  
I 1  I 


D-NH-C-CH-NHR' 
drug amino acid 


Change in Physical 
Drug Amino Acid R' Properties 


Weak base Nonpolar COCH3 To a neutral compound 
Weak base Acidic COCH3 To an acidic compound 
Zwitterionic Polar- COCH3 To an ionic (acidic) 


Weak base Polar- H Change in pKa 
nonpolar compound 


nonpolar 


carboxypeptidase A are the target reconversion sites, their properties are 
briefly reviewed, followed by the aspirin derivatives selected. 
a-Chymotrypsin-a-Chymotrypsin, an endopeptidase involved in 


protein digestion, has a molecular weight of -25,oOO g/mole. a-Chymo- 
trypsin catalyzes the hydrolysis of a broad spectrum of peptides, amides, 
and esters. An absolute requirement of the substrate candidate is that 
the amino acid residue be of L-configuration. Substrates having an aro- 
matic residue (e.g., phenylalanine, tryptophan, and tyrosine) are hy- 
drolyzed at appreciable rates (31, but the hydrolysis of substrates having 
hydrophobic residues (e.g., leucine and methionine) is also catalyzed 
(4). 


Kinetic studies have revealed a bell-shaped relationship between the 
overall reaction rate and pH, with maximum activity occurring near pH 
8. The kinetic scheme shown in Scheme I seems to apply to an a-chym- 
otrypsin-catalyzed hydrolysis. 


E -I S S E  S &  E - P 2 3 E  i- P2 
k-z + k-3 


P1 
Scheme I 


The three reaction steps represent the formation of the noncovalent 
(Michaelis) enzyme-substrate complex, the formation of an acyl enzyme 
with the loss of the leaving group, and the deacylation step. For non- 
specific substrates with good leaving groups and for specific ester sub- 
strates, the deacyiation step is rate limiting; for specific amides, the rate 
is determined by the acylation step. 


Carboxypeptidase A-The primary action of carboxypeptidase A 
is that of a C-terminal exopeptidase. The enzyme is also a good esterase. 
Having a molecular weight of -34,600 g/mole, the active enzyme consists 
of a single chain of 307 amino acid residues and one zinc ion. The amino 
acid sequence is known completely (5). The zinc ion has been shown to 
be essential for catalytic activity, even though its removal does not greatly 
affect the enzyme structure (6). There are two absolute requirements for 
potential carboxypeptidase A substrates (7, 8); the terminal carboxyl 
group must be free and the C-terminal residue must be of the L-config- 
uration. The hydrolysis of substrates wherein R is a branched aliphatic 
or, optimally, an aromatic group is significantly favored. 


Aspirin Derivatives-The chemical instability of aspirin was studied 
extensively (9-12). For present purposes, the pH of maximum stability 
is 2.5. The pH is below that usually observed for esters due to the presence 
of the carboxyl group, which functions as a general base catalyst and in- 
creases the reaction rate a t  pH 2.5-8. Aspirin, being a weak acid, also 
shows minimum solubility in acid. However, even suspensions of aspirin 
are not satisfactorily stable (12). 


One approach to stabilizing aspirin is to esterify the carboxyl group. 
While this approach does improve stability, the esters (prodrugs) typically 
do not revert back to aspirin because the acetyl group is more labile than 
the ester group, with the resultant formation of salicylic acid esters (13). 
If the ester group were chemically more labile than the acetyl group, 
formulation instability would likely be a problem. 


The aspirin derivatives in the present study (1-111) were chosen such 
that rapid biochemical reconversion in the intestinal tract would be af- 
fected. In each case, improved chemical stability is expected since the 
carboxyl group is masked. The esters and amides were chosen such that 
prodrug solubility would be somewhat less than that of the aspirin-free 
acid and further increase the stability of aspirin in suspension form. Other 
amino acid and ester groups could be chosen to obtain somewhat different 
physical properties if desired. 


The biochemical reconversion of 1-111 is expected to be uia an initial 
a-chymotrypsin hydrolysis of the ester or amide group followed by a 


Table 111-Possible Changes in Physical Properties of Drugs 
with Free COOH Groups 


? ; i  0 
II 


D-C-NH-CH-C-OR' 
drug amino acid 


Change in Physical 
Drug Amino Acid R Properties 


Weak acid Polar-nonpolar H change in pKa 
Weak acid Basic H Zwitterionic compound 
Weak acid Basic OC2H5 To a basic compound 
Zwitterionic PolarhonDolar OC& To a basic comDound 
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carboxypeptidase cleavage of the amide-releasing aspirin in the intestinal 
lumen or a t  the membrane wall (14). To the extent that  the gastric irri- 
tation associated with oral dosing of aspirin is a local phenomenon 
(15-171, this approach may also reduce or eliminate the problem since 
aspirin would not be formed until the prodrug reached the intestine. 


EXPERIMENTAL 


Phenylalanine Ethyl Ester, Hydrochloride-Thionyl chloride (10 
ml) was added to ethanol (40 ml), portionwise, in cold. Phenylalanine (2.3 
g) was added to the mixture and refluxed for 2 hr. The reaction mixture 
was cooled, and the solvent was evaporated under reduced pressure. The 
flaky solid residue was washed with cold anhydrous ether and was then 
purified by selective precipitation from the ethanol-ether mixture, mp 
154-156", yield 2.9 g. 


Aspirin Phenylalanine Ethyl Ester (I)-Aspirin' (1.8 g) was dis- 
solved in 35 ml of dry methylene chloride and dicyclohexylcarbodiimide2 
(1 g) was added to i t  a t  room temperature. The mixture was stirred for 
2 hr, and the precipitated dicyclohexylurea was filtered off. 


To the filtrate was added a mixture of phenylalanine ethyl ester hy- 
drochloride (1.15 g, 5 mmoles) and triethylamine (0.5 g, 5 mmoles) dis- 
solved in 10 ml of methylene chloride. The mixture was stirred overnight 
a t  room temperature and the solvent was removed under reduced pres- 
sure. Dry ethyl acetate (20 ml) was added to the residue. A white pre- 
cipitate appeared, which was filtered and found to be dicyclohexylurea. 
The filtrate was washed three times with 10% sodium bicarbonate and 
three times with water to make it free from alkali and then dried over 
anhydrous magnesium sulfate. The dried extract was filtered, and the 
solvent was removed under reduced pressure. 


The residue was dissolved in ethanol, and water was added until tur- 
bidity appeared. I t  was then kept in the freezer overnight. The oily pre- 
cipitate solidified and was filtered and further purified by selective 
precipitation from ethanol-water mixtures, mp 72-74', yield 1.6 g. The 
product gave a single spot on TLC. Structure was confirmed by NMR3 
and mass spectrum (M+ = 356); NMR (90 MHz, CDCl3): 6 1.35 (t, 3H, 
CHa of ethyl ester), 2.1 (S, 3H, OCOCH3 of aspirin), 3.27 (d, 2H, aromatic 
CH2 of phenylalanine), 4.2 (q,2H, COOCHz of ethyl ester), 5.05 (m, IH, 
CH of phenylalanine group), 7.1-7.65 (m, 7H, aromatic H), and 8.05 (d, 
lH ,  aromatic H proton next to CONH group of aspirin nucleus). 


Phenylalanine Amide-To a solution of L-phenylalanine (0.83 g) in 
water-dioxane (M, 8 ml) and triethylamine (1.05 ml, 7.5 mM) was added 
2-tert- butoxycarbonyloxyamino-2-phenyla~etonitrile~ (1.36 g) a t  room 
temperature. The solution was stirred overnight a t  room temperature. 
After 15 ml of water was added to the reaction mixture, i t  was washed 
twice with 15-ml portions of ethyl acetate; the ethyl acetate washings were 
discarded. The aqueous layer was acidified to pH 2.0 by 5% citric acid 
solution and saturated with sodium chloride. I t  was then extracted with 
three 20-ml portions of ethyl acetate, and the combined ethyl acetate 
extracts were washed three times with saturated sodium chloride solution 
to make the organic extract acid free. The ethyl acetate extract was dried 
over anhydrous magnesium sulfate and filtered, and the solvent was re- 
moved under reduced pressure to obtain an oily residue of tert -butoxy- 
carbonylphenylalanine, yield 1.2 g. 


Ethyl chloroformate was added dropwise over 10 min at  -10" to a 
well-stirred solution of tert-butoxycarbonylphenylalanine and trieth- 
ylamine in dry tetrahydrofuran. The mixture was stirred for 30 min a t  
-loo and then saturated with dry ammonia. The reaction mixture was 
stirred overnight at room temperature, the solvent was evaporated under 
reduced pressure, and the residue was stirred with 20 ml of ice-cold water, 
filtered, and dried a t  40-60O. It  was then treated with 4 N hydrochloric 
acid-dioxane for 30 min at  room temperature. The solvent was removed 
to obtain a solid residue of L-phenylalanine amide hydrochloride. 


Aspirin Phenylalanine Amide (11)-To a solution of 1.8 g of aspirin 
in 35 ml of dry methylene chloride was added 1.1 g of dicyclohexylcar- 
bodiirnide. The reaction mixture was stirred for 2 hr a t  room temperature, 
and a white precipitate of dicyclohexylurea was formed and removed by 
filtration. To the filtrate was added a mixture of 5 mM L-phenylalanine 
amide (1.1 g) and 5 mM triethylamine (0.7 ml) in 15 ml of methylene 
chloride. The reaction mixture was stirred overnight a t  room tempera- 
ture, and the solvent was removed under reduced pressure. The residue 
was dissolved in chloroform and washed once with water, three times with 


15-ml portions of 10% sodium bicarbonate, and three times with 10-ml 
portions of 2 N HCl, followed by a final washing with water to make it 
acid free. 


The organic extract was evaporated to dryness under reduced pressure, 
and the residue was washed with ether, filtered, and recrystallized from 
chloroform, mp 176-178", yield 1.4 g. The structure was identified by 
NMR and mass spectrum (M+ = 327). The product gave a single spot on 
TLC; NMR (SO MHz, CDC13): 6 2.2 (s,3H, OCOCH3 of aspirin), 3.15 (d, 
2H, aromatic CH2 of phenylalanine), 4.92 (m, lH ,  CH of phenylalanine 
group), 7.05-7.65 (m, 7H, aromatic H), and 7.85 (d, lH, aromatic H proton 
next to CONH group of aspirin nucleus). 


Aspirin Phenyllactic Ethyl Ester (111)-A solution of 0.4 g of aspirin 
chloride dissolved in 10 ml of tetrahydrofuran was chilled to 5"; to it was 
added a cooled solution of L-phenyllactic acid (0.33 g) in 4 ml of tetra- 
hydrofuran. Aliquots of pyridine totaling 0.5 ml were added to the reac- 
tion mixture over 5 min, and the system was stirred at  5" for 1 hr. After 
an additional hour of stirring at  room temperature, the solvent was re- 
moved on a rotary evaporator and the clear colorless oil was dissolved in 
chloroform. The chloroform solution was extracted with water, dried over 
anhydrous magnesium sulfate, and evaporated under reduced pressure 
to yield a colorless oil, which was purified by selective precipitation from 
chloroform by n-hexane. The oil did not solidify. Its purity was checked 
by TLC, and NMR and mass spectrometry were used to confirm its 
identity as L-phenyllactic acid ester of aspirin. 


Aspirin phenyllactic acid (0.23 g) was dissolved in dry methylene 
chloride, and the solution was chilled to 0'. T o  it was added magnesium 
ethoxide-dried ethanol (0.35 ml) followed by dicyclohexylcarbodiimide 
(0.13 g, 0.7 mmole). After stirring a t  0" for 1 hr, it was stirred for an ad- 
ditional 1 hr a t  room temperature. The solvent was removed under re- 
duced pressure to obtain a clear colorless oil, which was further purified 
by selective precipitation from ethanol by water. The oil could not be 
solidified. TLC showed only one spot, the NMR and mass spectrometry 
(M+ = 355) confirmed it  to be 111; NMR (SO MHz, CDC13): 6 1.3 (t, 3H, 
CH3 of ethyl ester), 2.1 (s, 3H, OCOCH3 of aspirin), 3.27 (d, 2H, aromatic 
CH2 of phenylalanine), 4.2 (q,2H, COOCH2 of ethyl ester), 5.45 (m, lH,  
CH of phenylalanine group), 7.05-7.65 (m, 7H, aromatic H), and 7.95 (d, 
lH ,  aromatic H proton next to COO group of aspirin nucleus). 


Aspirin Phenylalanine-Compound I (60 mg) was dissolved in 10 
ml of ethanol and added to 100 ml of a pH 7.5 phosphate buffer solution 
containing a-chymotrypsin (100 mg). I t  was mixed well, allowed to stand 
for -2 min, and then transferred to a 250-ml separator. I t  was then 
acidified with 2 N HCl to pH 1.0 and extracted with 100 ml of chloroform. 
A very thick emulsion resulted on shaking, and the layer had to be sep- 
arated by centrifugation at  2000 rpm for 20 min. 


The upper aqueous layer was aspirated out, the lower layer was dried 
over anhydrous magnesium sulfate, and the solvent was removed in a 
rotary evaporator to obtain a clear, colorless, oily residue, which was 
further purified by selective precipitation from ethanol with water. NMR 
and mass spectrometry (M+ = 328) confirmed it  to be aspirin phenylal- 
anine; NMR (90 MHz, CDC13): 6 2.1 (s, 3H, OCOCH3 of aspirin), 3.27 (d, 
2H, aromatic CH2 of phenylalanine), 5.05 (m, lH ,  CH of phenylalanine 
group), 7.0-7.65 (m, 7H, aromatic H), and 7.85 (d, lH,  aromatic H proton 
next to CONH group of aspirin nucleus). 
TLC Systems-To follow the hydrolysis of aspirin phenylalanine ethyl 


ester qualitatively and to identify the products, a TLC system was sought 
that  would separate the reactants and products. Of several solvent sys- 
tems tried, methanol-acetic acid-ether-benzene (1:18:6020) was able 
to resolve aspirin and salicylic acid (which appears as a dense blue spot 
under short wavelength UV). The support was silica gel with UV254 flu- 
orescent background. This solvent system could not differentiate between 
aspirin and I. However, cyclohexane-chloroform acetic acid (4:5:1) was 
able to distinguish between aspirin and I but not between aspirin and 
salicylic acid. 


TLC plates were run in both solvents simultaneously to allow identi- 
fication of all the degradation products of I in simulated intestinal fluid. 
All chloroform extracts were spotted on silica gel plates, 0.25 mm thick, 
and developed for 15 cm in both solvents. The spots were detected under 
a short wavelength UV detector. 


Shelflife Studies of I-Compound I (5 mg) was dissolved in 1 ml of 
ethanol and transferred quantitatively to a 100-ml volumetric flask, and 
the volume was made up with 0.066 M phosphate buffer of pH 7.5,6.6, 
or 5.6. Aliquots (5 ml) were withdrawn a t  timed intervals, taken in 15-ml 
centrifuge tubes. and extracted with 5-ml Dortions of chloroform. The 


I 


" MonsantoCo.. ... - aqueous layer was removed by aspiration. Two 0.5-ml portions of the 
Aldrich Chemical Co. 
Melting points were determined in capillaries and are uncorrected, NMR spectra chloroform extracts were placed i n  10-ml volumetric flasks, and the sol- 


0.5 ml of ethanol and 1 ml of 5 N NaOH. The mixture was heated in a 
were recorded with a Varian E-390 spectrometer with tetramethylsilane as the in- vent was evaporated with a gentle nitrogen stream. To A was added 
ternal standard. All structures were confirmed by NMR and mass spectra. 
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Scheme 11-Possible hydrolytic pathways of aspirin phenylalanine in 
presence of chymotrypsin (CT) and carboxypeptidase A (CPA) 


mixture. 
boiling water bath for 45 min and cooled to room temperature, and the 
volume was made up with distilled water. To Flask B was added 0.5 ml 
of ethanol, and the volume was made up distilled water. Fluorescence 
of both the samples was determined at excitation/emission wavelengths 
of 328/400 nm. 


Scheme I1 shows that of all possible degradation products, only I and 
salicylic acid phenylalanine ethyl ester (being nonionic) are extractable 
in chloroform. Salicylic acid phenylalanine ethyl ester has the same ex- 
citation and emission maxima as salicylic acid. Therefore, by subtracting 
the fluorescence of B from A, the fluorescence corresponding to salicylic 
acid generated by the alkali digestion of I was obtained. A standard so- 


Table IV-Enzyme Ki'netic Parameters for Aspirin Derivatives p 


a-C hymotrypsin Carboxypeptidase 


liter Kcat, sec-l liter Kcat, sec-l 
Km , mole/ K ,  , mole/ 


Aspirin 1 X 2.91 1.3 X 8.5 X 
phenylalanine 
ethylester (I) 


AsDirin 2.5 x 10-5 3.7 x 10-3 1 x 10-4 25 
phenyllactic 
ethyl ester (111) 


phenylalanine 
amide (11) 


Aspirin 5.1 x 10-4 5 x 10-3 1.3 x 10-4 8.5 x 10-2 


a References 18 and 19. * Done at pH 8.5. 


Table V-Estimated Range of In Vivo Reconversion Rates (So = 
10-6 M) 


CH, 
1 -  chymotrypsin CO-X-CH-COOH I 


CO-X-CH-COOR 


carboxypeptidase A 


t 1/2 
Maximal Rate Minimal Rate 
(Zero Order), (First Order), 


Structure Eo, M pH u = kc&o u = ( k c a J K m ) E o S  


X = N H  10-4 8.5 5.9 sec 16.8 sec 


x = o  10-4 7.5 13.5 sec 61.9 sec 


X = N H  8.5 10 min 28 rnin 


103 rnin x = o  10-6 7.5 22.5 rnin 


R = CzH5 


R = CzH5 


R = CzH5 


R = CpHn 


lution of I carried through the described procedure served as the stan- 
dard. 


Solubility Determination-Compound I (-300 mg) was stirred with 
100 ml of distilled water a t  25.00 f 0.02O. Aliquots of the solution were 
withdrawn until no change in concentration was observed. Equilibrium 
was reached in 20 hr. After the aliquots were diluted 10 times, 1 ml was 
placed in a 10-ml volumetric flask 1 ml of 5 N NaOH was added, and the 
solution was heated in a boiling water bath for 45 min. After cooling, the 
solution was diluted to volume with distilled water, and fluorescence 
measurements were taken at  excitation/emission wavelengths of 328/400 
nm, using a M solution of I, taken through all the described steps, 
as a standard. The solubility was determined to be 4.7 X M. 


RESULTS AND DISCUSSION 


Summary of Enzyme Kinetic Results-The detailed enzyme kinetic 
studies were reported previously (15,16), and only the most significant 
results are summarized here. Of the aspirin derivatives studied, I was the 
best substrate for a-chymotrypsin while aspirin phenyllactic acid was 
the best substrate for carboxypeptidase. The kinetic parameters are given 
in Table IV. The values for the kinetic parameters are consistent with 
values for other well-known substrates of these enzymes. Table V shows 
the aspirin reconversion process for the ethyl esters. Given the kinetic 
results in Table IV, the a-chymotrypsin hydrolysis step would be rate 
limiting for I11 while the carboxypeptidase hydrolysis step would be rate 
limiting for I. Both steps were slow for the amide derivative. 


The very approximate estimates of the in uitro reconversion half-lives 
in Table V are based on the kinetic parameters for the appropriate 
rate-limiting step. Whether such estimates reflect the in uiuo situation 
is not yet known. However, the results indicate that regeneration of as- 
pirin in uiuo is a t  least possible. Compound I was selected for further 
studies. This choice was based in part on the rapid first step of the re- 
conversion. Since all derivatives had relatively low aqueous solubilities 
by design, the rapid hydrolysis of the ester, to produce an acid, would 
increase the dissolution rate of the ethyl ester and perhaps give better 
in uiuo performance. 


Hydrolytic Pathway of I-Scheme I1 shows the possible hydrolytic 
pathways for I. Figure 1 shows the TLC results on a solution containing 
the prodrug and a-chymotrypsin and carboxypeptidase. The results 


Table VI-Kinetic Rate Constants and Shelflife of I in  Aqueous 
Solutions 


PH koba X lo3, hr-' tgO, hr 


7.5 
6.6 
5.6 


9.84 
2.77 
1.92 


10.8 
38.3 
55.2 
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Figure 1.-Thin-layer chromatogram of the chloroform extract of a 
mixture of I ,  a-chymotrypsin (50 mg/100 ml), and carboxypeptidase 
A (25 mgJ100 ml) in pH 7.5 phosphate buffer. The support was silica 
gel with fluorescent indicator UV254. The solvents were cyclohexane- 
benzene-acetic acid (4:5:1) (A) and methanol-acetic acid-ether-ben- 
zene (1:18:60:20) (B). Key: spot 1 , 1  min; spot 2,2 min; spot 3,5 min; spot 
4, 10 min; spot 5, 20 min; spot 6, 45 min; and spot 7 , 2  hr. APEE = 
aspirin phenylalanine ethyl ester; ASP = aspirin; and SA = salicylic 
acid. 


indicate that the ethyl ester group is lost immediately and that aspirin 
phenylalanine appears. With time, aspirin appears, followed by salicylic 
acid and the phenylalanine derivative of salicylic acid. While more de- 
tailed kinetic studies are needed, these results demonstrate that aspirin 
is regenerated in solution in the presence of the enzymes. 


Shelflife Studies of I in Aqueous Solutions-Logarithms of con- 
centrations of I remaining in the aqueous solutions at various pH values 
were plotted against time. Reactions were followed up to 10% degradation. 


From the slopes of these plots, the pseudo-first-order rate constant, koh, 
was determined. The pseudo-first-order rate constants at several pH 
values and the corresponding shelflives are given in Table VI. 


In case of suspension, the degradation rate is given by: 
dc’ - = k1s 
dt 


where c’ is the concentration of the drug in solution (mass/volume), kl 
is the first-order rate constant, and s is the solubility of the drug expressed 
in the same unit as c’. For u milliliters of suspension: 


v - = -  (masshime) = -klus = -ko (Eq. 2) 


where ko is the zero-order rate constant for the drug in suspension. 
M (i.e. ,  0.167 mg/ml) compared to 


that of 1.85 X lo-* M (i.e., 3.33 mg/ml) of aspirin. The calculated shelflife 
of a 600 mg/5 ml of suspension of I (i .e. ,  an equivalent of 300 mg/5 ml of 
aspirin) was found to be 4.27 years a t  pH 5.6 compared to 38 days for 300 
mg/5 ml of aspirin suspension at its optimum pH (2.25) for stability. 


dc’ dc 
dt d t  


The solubility of I was 4.7 X 
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Figure 2-Effect of  solution p H  on the interaction of oxymorphone 
derivative (I) with cross-linked carbonymethylcellulose sodium (e) and 
sodium starch glycolate (0). 


methylcellulose sodium and sodium starch glycolate at pH 
6-7. However, the interaction of I with cross-linked car- 
boxymethylcellulose sodium was twice that with sodium 
starch glycolate. 


The interaction was believed to depend on the tertiary 
amine group at position 17 of I. Adsorption studies were 
extended to examine the interaction of cross-linked car- 
boxymethylcellulose sodium with four derivatives of I, 
where substituents R1, R2, and Rs varied and pKa values 
ranged from 7.9 to 8.7. Results indicated that the binding 
of I derivatives with cross- linked carboxymethylcellulose 
sodium can be described by the Freundlich adsorption 
isotherm as expressed by: 


1 
log (disintegrant) n 


= log k + -log (drug),, (Eq. 1) 
(drUg)b 


where n and k are Freundlich adsorption constants that 
can be estimated from the slope and intercept of the linear 
portion of log[ (drug)b/(disintegrant)] uersus log(drug),, 
plots (Fig. 1); (drug),, is the equilibrium drug concentra- 
tion in solution. Results obtained for the four I derivatives 
show n values of 1.43-1.75 and k values of 0.219-0.243. The 
data suggest that the structural variation of functional 
group R1 at the tertiary amine group at  position 17 of I does 
not greatly affect the Freundlich adsorption isotherm. All 
four I derivatives interacted with cross-linked carboxy- 
methylcellulose sodium in a similar manner and to a sig- 
nificant extent. 


The biological significance of these interactions is not 
known. 
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X-Ray Crystal Structure Analysis of 
14-Hydroxycaryophyllene Oxide, a New 
Metabolite of (-)-Caryophyllene, in 
Rabbits 


Keyphrases Caryophyllene-X-ray crystal structure analysis of 
14-hydroxycaryophyllene in rabbits 0 Metabolites-of caryophyllene 
by X-ray crystal structure analysis, 14-hydroxycaryophyllene Terpe- 
noids-caryophyllene, new metabolite, X-ray crystal structure analysis 
of 14-hydroxycarophyllene 


To the Editor: 


The metabolic studies of diet or crude drugs containing 
potentially toxic terpenoids may have significant impli- 
cations for human toxicology. (-) -Caryophyllene (I), a 
sesquiterpene hydrocarbon having a gem- dimethyl group 
on the four-membered ring, often is found in crude drugs. 
For toxicological evaluation, I, [ a ] ~  -10.6' (c, 5.64 in 
chloroform) (12 g), was administered to six male rabbits 
by a previously described method (1). The neutral me- 
tabolites (2.37 g) obtained from urine were chromato- 
graphed directly on silica gel to give crude alcohols, fol- 
lowed by acetylation with acetic anhydride in pyridine. 
The crude acetates also were chromatographed on silica 
gel impregnated with 5% silver nitrate to yield a pure ac- 
etate (11) (48% for total acetates;\. 


Compound 11, mp 71.5-72.5", ( a ] D  -36.5' (c, 2.74 in 
chloroform), C17H2603 (M+, 278), showed the presence of 
an acetoxymethyl group [1730 and 1240 cm-l; 6 2.08 (s, 
3H)l and 3.85 (s, 2H)] and an exocyclic methylene group 
[895 cm-l; 6 4.90 and 5.03 (each bs, lH)]. The PMR spec- 
trum also contained the signals of one proton [6 2.80 (m)] 
and one tertiary methyl group [S  1.22 (s)) on carbons 
bearing an ether oxygen. This spectral evidence indicated 
that one of the gem-dimethyl groups on the four-mem- 
bered ring might be hydroxylated. This assumption was 
supported further by the 13C-NMR spectrum of 11, which 
showed the presence of two CH3 groups (6 17.0 and 17.2 
ppm), five CH2 groups (27.6, 28.8, 29.9, 30.3, and 34.8 
ppm), two CH groups (45.8 and 48.1 ppm), a trisubstituted 
oxirane ring [59.4 (s) and 63.5 (d)], a tetrasubstituted sp3 
carbon (36.7), an exomethylene group [113.5 (t) and 151.4 
(s) ppm], and an acetoxymethyl group [20.8 (q), 71.6 (t), 
and 170.9 (s) ppm]. 


Hydrolysis of I1 regenerated an alcohol, [&ID -25.4' (c ,  
1.66 in chloroform); C15H2402 (M+, 236); 6 1.07 and 1.25 


Figure l-X-ray structure of  14-acetoxycaryophyllene oxide (II). 


s = singlet, bs = broad singlet, d = doublet, t = triplet, q = quartet, and m = 
multiplet. 
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(each s, 3H), 2.92 (m, lH, 0-C-H), 3.55 (bs, 2H, CHzOH), 
and 4.87 and 5.00 (each bs, 1H); 3450 cm-l (OH). These 
results showed that the metabolic product and its acetate 
were represented best as I11 and 11, respectively. The ab- 
solute configuration of the metabolized methyl group on 
a four-membered ring of I was established by X-ray study 
of 11: [a = 9.62414) A, b = 8.599(4) A, c = 10.214(4) A, p = 
105.47(3)', space group P21, Dc = 1.13 g/cm3, and z = 21. 
The diffraction intensities were collected in the w-scan 
mode, using graphite monochromated MoKa radiation on 
a diffractomer2, and corrected for Lorenz polarization and 
background effects. The structure was resolved by direct 
methods using a Multan program (2) and was refined by 
full matrix least-squares calculations. The final R value 
was 0.092 for 1008 reflections. The relative stereostructure 
of I1 is shown in Fig. 1. 


Two metabolic pathways may be present in the bio- 
transformation of I (Scheme I). In this connection, (-)- 
caryophyllene oxide (IV), [ a ] ~  -35.2" (c, 2.19 in chloro- 
form), also was administered to rabbits by the method 
already described. After being acetylated, I1 was obtained 
as the major product from the neutral metabolites. Thus, 
route A was confirmed. Although the presence of route B 
remains to be clarified, route A may be more favorable than 
B since IV was found in some essential oils (3-5). According 
to biotransformation, the hydroxylation of the gem-di- 
methyl group on the three-, four-, five-, and six-membered 
rings was established for 3-carene (6, 7) and carane (7); 
caryophyllene; camphor (8) and fenchone (9); and retinoic 
acid (lo), respectively. The stereoselective hydroxylation 
of gem-dimethyl on the four-membered ring in mammals 
was not reported previously. 
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Relationship between Flow Rates of 
Granular Powders through Stationary and 
Moving Orifices 


Keyphrases Powders, granular-relationship between flow rates of 
granular powders through stationary and moving orifices Flow 
rates-of powder granulations, prediction of dynamic flow rate from 
static flow measurements Models, mathematical-prediction of dy- 
namic flow rates of powder granulations from static flow measure- 
ments 


To the Editor: 


Since the compressed tablet is the most common dosage 
form manufactured, the ability to predict scale-up prop- 
erties of tablet formulations for high-speed processing is 
needed. To manufacture tablets on a rotary tablet ma- 
chine, flow of granular material through a stationary orifice 
(ix., efflux tube on the granulation hopper) followed by 
flow into moving orifices (i.e., tablet dies) is required. Since 
little data have been reported (1,2) that characterize the 
latter process of dynamic flow, data from static flow 
measurements have been used to predict dynamic flow 
properties of solids. Takieddin et al. (3) reported that 
dynamic flow rates were not predicted successfully from 
measurements of solid flow through a stationary orifice 
(static flow), noting that an apparatus suitable for the 
study of dynamic flow was not available. 


An apparatus was constructed to study the dynamic flow 
of granular materials (4,5). Although the instrument does 
not provide an exact duplication of events that occur 
within the feed frame of a tablet machine, it provides a 
reasonable means to obtain dynamic flow data. A slight 
modification of the apparatus also provides a means to 
study static flow rates. 


Dynamic flow measurements of a lactose-cornstarch wet 
granulation (6) were reported (7). Six measurements were 
obtained for each combination of granulation mesh cut 
(2040,40-60, and 60-801, orifice size [3/ls (0.48),l/4 (0.63), 
5/16 (0.8), 3/8 (0.95), and l/2 (1.3) in. (cm)], and five die ve- 
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Abstract 0 The absorption of captopril (I), a new antihypertensive 
agent, was studied in mice and rats at doses (50 and 1350 mghg) ad- 
ministered in the diet in chronic toxicological studies. 3H- or 35S-Labeled 
I was administered by gavage and in the diet to male and female animals 
in a two-way crossover study. Animals received daily doses of nonra- 
diolabeled I in the diet for 25 days, except on Days 15 and 22 when ra- 
diolabeled I was administered either by gavage or in the diet. Absorption 
of the total radioactivity in 2-month-old mice averaged 49 and 48%, re- 
spectively, of the 50- and 1350-mghg doses given in the diet and 57 and 
65%, respectively, of the doses given by gavage. The bioavailability of I 
in 2-month-old mice averaged 48 and 39% (diet) and 44 and 59% (gavage) 
of the 50- and 1350-mg/kg doses, respectively. In 2-month-old rats, ab- 
sorption of the total radioactivity averaged 41% of the 50-mg/kg dose 
given in the diet. In 2- and 15-month-old rats, minimum absorption of 
the 1350-mghg dose averaged 36 and 45% (diet) and 51 and 71% (gavage), 
respectively; the minimum bioavailability averaged 29 and 29% (diet) 
and 39 and 44% (gavage), respectively. These studies demonstrate ade- 
quate absorption and bioavailability of I over a wide range of doses from 
the drug-diet mixtures and by young and old animals and also illustrate 
a useful experimental design for the estimation of relative oral absorption 
of a drug administered continuously in the diet over several days. 


Keyphrases 0 Captopril-absorption and bioavailability, gavage and 
dietary administration, mice and rats Metabolism-absorption and 
bioavailability of captopril, gavage and dietary administration, mice and 
rats 0 Antihypertensives-absorption and bioavailability of captopril, 
gavage and dietary administration, mice and rats 


year period, I was administered daily in the diet to mice 
and rats at  50, 150, and 1350 mg/kg. The present study 
evaluated the effects of food and of repeated daily ad- 
ministration of 50- and 1350-mglkg doses of I on its ab- 
sorption and bioavailability in 2-month-old mice and rats 
and 15-month-old rats. 


Investigations in animals and in uitro indicate that I is 
chemically unstable in biological fluids and undergoes 
rapid autoxidation to form 111, the disulfide dimer of I, and 
other products. To prevent or minimize such processes, a 
procedure for immediate conversion of I to I1 in biological 
samples was established (5-7) (Scheme I). This procedure 
was utilized in the determination of nonlabeled I using 
GLC-mass spectrometry (7) and of radiolabeled I using 
thin-layer radiochromatography (6). Since radiolabeled 
I was necessary to determine absorption in the present 
study, thin-layer radiochromatography was used. 


Captopril (I), 1-[(2S)-3-mercapto-2-methyl-l-oxo- 
propyll-L-proline, is a potent and specific inhibitor of the 
enzyme that catalyzes the conversion of angiotensin I to 
angiotensin I1 (1) and was an orally effective antihyper- 
tensive agent in extensive clinical trials (2-4). The dispo- 
sition of I in normal subjects was reported recently (5). 
Specific assays for determination of I as its N-ethyl- 
maleimide derivative (11) also were reported (6,7). 


In oral toxicological and pathological studies over a 2- 


I N-eth ylmaleimide 


PH -1 1 
0 


I1 
Scheme I 
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EXPERIMENTAL 


Material~-~H-Labeled I (uniformly labeled in the proline moiety) 
and %-labeled I had radiochemical and chemical purities of at least 95%, 
with a maximum of 5% of 111 present as an impurity. No other impurities 
were detected. To administer sufficient radioactivity for good quanti- 
tation, each dose contained a minimum of 5 pCi (range of 5-40 pCi). Since 
the doses ranged from 50 to 1350 mg/kg and since there was an approxi- 
mate 10-fold difference between the average weights of mice and rats, 
the specific activities of radiolabeled I also varied greatly, from 0.06 to 
1.0 pCi/mg for 3H-labeled I and from 2.7 to 8.9 pCi/mg for 35S-labeled 
I. 


Animals-Male and female CD-1 outbred albino mice and CD outbred 
albino rats' were used. All mice were -2 months old at the start of the 
study and weighed -35 (males) and 27 (females) g. Two-month-old rats 
weighed -260 (males) and 170 (females) g, and 15-month-old rats 
weighed 550 (males) and 330 (females) g. All animals had access to food 
and water ad libitum and were housed individually in metabolic cages 
throughout the study. 


Experimental Design-For each dose level and age group, 16 animals 
(eight males and eight females) initially were given 14 consecutive daily 
doses of either 50 or 1350 mg of I/kg (nonradioactive) admixed with the 
diet. On Day 15, halfof the animals (four males and four females) received 
radiolabeled drug (tritium or sulfur 35) in the diet; the other half received 
radiolabeled drug in aqueous solution by gavage. Administration of the 
nonradioactive drug-diet preparation was resumed on Day 16. On Day 
22 (crossover), the animals that had received the radioactive drug in the 
diet on Day 15 were given the radioactive drug in aqueous solution by 
gavage; those that had received the drug in aqueous solution by gavage 
on Day 15 were given the radioactive drug in the diet. Administration of 
the nonradioactive drug-diet preparation was resumed for 3 days. The 
animals were given a drug-free diet on the days they received the radio- 
active drug by gavage. 


Urine and feces were collected every 24 hr for 4 days after each radio- 
active dose. To minimize I oxidation, urine samples for the first 2 days 
after drug administration were collected in vessels containing 2 ml of a 
2.5% aqueous solution of N-ethylmaleimide (5). 


In an early study using 2-month-old rats, single 50-mg/kg doses of 
radiolabeled I were administered in the diet to six (three males and three 
females) animals and by intravenous route to four (two males and two 
females) animals. Thus, in that study, repeated administration of non- 
radiolabeled drug was not employed, and the animals did not receive 
radiolabeled I by gavage. Additionally, in separate studies in 2-month-old 
mice, single 50-mg/kg doses of radiolabeled I were given intravenously 
to eight (four males and four females) animals, and single 650-mg/kg 
doses of radiolabeled I were given intravenously to four males. In these 
studies, urine and feces also were collected for 4 days. 


In experiments where 16 animals were used initially, a few animals that 
received the drug by gavage died of trauma due to misdosing during the 
first or the second phase of the study. Data were obtained for less than 
16 animals. 


Preparation, Administration, and Assay of Dose-Nonradioactive 
I-The drug-diet preparation was prepared fresh each week. Compound 
I was mixed with an appropriate amount of ground diet2 in a mixer3 to 
give a drug concentration that provided an estimated daily dose of 50 or 
1350 m g k .  Homogeneity and stability of the drug-diet mixture prepared 
by this procedure were satisfactory. The animals were offered this 
drug-diet preparation each day, except when receiving radioactive drug. 
Food consumption and body weights were determined daily. 


Radioactioe I-Animals were weighed just prior to dosing, and doses 
were administered based on those weights. For each animal, an accurately 
weighed amount of radiolabeled I, corresponding to 50 or 1350 mg of 
drughcg, initially was combined with an appropriate amount of feed. The 
feed and drug were mixed thoroughly on glassine paper with a spatula. 
To facilitate essentially complete consumption of the drug-diet prepa- 
ration, the total weight of the feed mixed with the radiolabeled drug was 
4 . 5  g less than the average daily consumption of feed during the 3 days 
prior to dosing with radiolabeled drug. 


The drug-diet preparation was transferred to individual feeding cups 
and offered to the animal. The material adhering to the glassine paper 
and spatula and that remaining in the feeding cup after 24 hr were 
transferred with methanol to a volumetric flask and assayed in duplicate 
for total radioactivity. The amount of radiolabeled drug consumed with 


1 Charles River Breeding Laboratories, Wilmington, Mass. 
2 Purine Laboratory Chow, Ralston-Purina Co., St. Louis, Mo. 
3 Hobart Manufacturing Co., Troy, Ohio. 


the feed by each animal was determined by subtracting the total amount 
of radioactivity found in the combined washings from the total radioac- 
tivity added initially to the feed. For dosing by gavage, a solution was 
prepared fresh by dissolving radiolabeled I in distilled water. 


Liquid Scintillation Counting-The scintillation cocktail of An- 
derson and McClure (8) was used to count all samples, except feces, in 
studies using [3H]captopril. This cocktail contained 0.2 g of 1,4-bis[2- 
(5-phenyloxazolyl)]benzene, 3 g of 2,5-diphenyloxazole, and 250 ml of 
a nonionic surfactant4, which were brought to volume (1 liter) with xylene. 
A saturated solution of sodium pyruvate in methanol, acetic acid, and 
methanol in a ratio of 4:3:1 (by volume) was used to neutralize the con- 
tents of the vials before counting. Individual samples were prepared as 
will be described. 


Urine (0.1 ml) was mixed with 0.5 ml of a tissue solubilizeP, 15 ml of 
scintillation cocktail, and 0.1 ml of the neutralizing solution. In studies 
using [35S]captopril, fecal samples were shaken with -2-3 volumes of 
water for 16 hr. A portion of the suspension (0.2 g) was digested by 
shaking for 16 hr with 1.0 ml of the solubilizer. The digested sample was 
bleached with 1.0 ml of 20% benzoyl peroxide and mixed with 0.1 ml of 
the neutralizing solution and 15 ml of the scintillation cocktail. 


Silica gel scrapings from TLC plates were mixed with 1.0 ml of water 
and counted in 15 ml of the scintillation cocktail. 


Fecal homogenates of animals dosed with (3H]captopril were com- 
busted in a sample oxidizer6. The resulting tritiated water was trapped 
in 20 ml of scintillation cocktail7. 


All samples were counted in liquid scintillation spectrometerss. 
Counting efficiencies were determined with automatic external stan- 
dardization and the use of previously prepared quench curves. To correct 
for the decay of sulfur 35 radioactivity (half-life of 87 days), suitably di- 
luted aliquots of the dosing solutions were counted with each set of bio- 
logical samples. 


Thin-Layer Radiochromatography-A thin-layer radiochroma- 
tographic assay of I was described previously (5,6). In the present study, 
aliquots (20-100 pl) of urine were chromatographed on 0.25-mm silica 
gel GF platesg in chloroform-ethyl aceta*acetic acid (453). Compounds 
I, 11, and 111 were used as reference standards and were visualized by 
exposure to iodine vapor; their R/ values were 0.55, 0.42, and 0.34, re- 
spectively. Each TLC plate was divided into three zones based on the 
location of the reference standards. The zone in the 0.4-0.6 Rf range, 
which included I and 11, was used to determine unchanged I in the 
sample. 


Data Analysis-Estimates of absolute absorption of total radioactivity 
and absolute bioavailability of I were obtained using urinary excretion 
data; the percentages of the dose excreted in urine as total radioactivity 
and as unchanged I after oral administration of I were divided by similar 
data obtained following administration of a single comparable intrave- 
nous dose of radiolabeled I. 


Statistical analyses were performed using the Student t test and 
analysis of variance. Where necessary, the overall means were adjusted 
for the unequal number of animals in the different groups. 


RESULTS 


For rats and mice at  50- and 1350-mg/kg doses in the diet and by ga- 
vage, there were no statistically significant differences in amounts of 
radioactivity recovered in urine and feces between the sexes or between 
the two phases of the crossover. Therefore, the data for all animals (melee 
and females) and for both phases of the crossover were combined for each 
mode of administration, and the overall mean excretion values were de- 
termined for mice (Table I) and rats (Table 11). For both modes of ad- 
ministration and in both species, most excretion in urine and feces oc- 
curred during the first 48 hr after dosing. Between 48 and 96 hr, <3% of 
the administered radioactivity was excreted in the urine and feces of mice 
and <8% was excreted in the urine and feces of rats. 


Absorption and Bioavailability in Mice-For the 50-mg/kg oral 
dose, mean recoveries of radioactivity in urine were 37.2% (diet) and 43.6% 
(gavage) of the dose (Table I). Following a single intravenous dose (50 
mg/kg), excretion of radioactivity in the 0-96-hr urine was 76.3% of the 
dose. Thus, the absolute absorption values for the oral radioactive doses 
~~ 


4 Triton X-114, Ruger Chemical Co., Irvington, N.J. 
Soluene-350, Packard Instrument Co., Downers Grove, Ill. 
Packard model 306 automatic Tri-Carb oxidizer, Packard Instrument Co., 


Monophase-40, Packard Instrument Co., Downers Grove, I11 * Packard Tri-Carb model 2425 or 3380, Packard Instrument Co., Downers 


9 Analtech Inc., Newark, Del. 


Downers Grove, Ill. 


Grove, Ill. 
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Table I-Absorption and Excretion of Total Radioactivity af ter  Administration of Radiolabeled Captopril to Mice 


Route/Mode Absorption of 
Dose, Number of Percent of Dose Excreted in 0-96 hr" Radioactivity, 
mg/k  of Mice Administration Urine Feces Total % 


50 8 Intravenous 76.3 f 2.29 13.8 f 1.97 90.1 f 1.56 - 


12 per 0s 37.2 f 5.16 48.0 f 1.46 85.2 f 5.71 48.8 f 6.92 


12 per 0s 43.8 f 3.68 47.3 f 3.30 91.1 f 1.43 57.4 f 5.12 


(4 M, 4 F) 


(7 M, 5 F) 


(7 M, 5 F) 


(in diet) 


(by gavage) 


(650 mghg) 


(in diet) 


(by gavage) 


- 1350 4 M  Intravenous 89.8 f 1.19 8.84 f 0.72 98.7 f 0.95 


16 per 0s 42.8 f 1.18 47.6 f 1.61 90.4 f 1.13 47.6 f 1.46* 


16 per 0s 58.7 f 1.43 34.8 f 2.22 93.5 f 1.22 65.4 f 1.81 
(8 M, 8 F) 


(8 M, 8 F) 
0 All values are the mean f SEM. * Significantly less than the mean for the gavage dose ( p  < 0.05). 


Table 11-Excretion of Total Radioactivity after Administration of Radiolabeled Captopril to Rats 


Route/Mode 
Age, Dose, Number of Percent of Dose Excreted in 0-96 hr" 


months mgkg of Rats Administration Urine Feces Total 


2 50 4 Intravenous 93.0 f 1.34 9.0 f 1.15 102.0 f 0.23 


per 0s 37.7 f 1.30 58.9 f 2.55 96.5 f 1.93 
(in diet) 


1350 16 per as 35.5c f 1.19 61.5 f 2.68 97.0 f 1.96 
(in diet) 


92.6 f 1.02 per 0s 51.2 f 1.80 41.4 f 1.45 
(by gavage) 


15 1350 13 per 0s 45.1c f 1.66 50.8 f 2.71 95.9 f 2.64 
(in diet) 


12 per 0s 71.2 f 2.98 24.5 f 3.21 95.7 f 2.23 
(by gavage) 


(2 M, 2 F) 
6 


(3 M, 3 F) 


(8 "1;" F) 
(7 M, 6 F) 


(7 M, 6 F) 
(6 M, 6 F) 


a All values are the mean f SEM. b These values represent minimum absorption of the orally administered dose. Significantly less than the mean for the gavage 
dose ( p  < 0.05). 


were 48.8% (diet) and 57.4% (gavage). These values were not statistically 
significantly different ( p  > 0.05). Unchanged I excreted in the 0-24-hr 
urine accounted for 19.4% (diet) and 18.0% (gavage) (Table 111). After 
intravenous administration of a comparable dose, unchanged I in the 
urine accounted for 40.5% of the dose. Therefore, the absolute bioavail- 
ability values for I after oral administration of 50 mgkg were 47.9% (diet) 
and 44.4% (gavage). These values were not significantly different ( p  > 
0.05). 


Based on relative urinary excretion (as a percentage of the radioactive 
dose) after oral (1350 mghg) and intravenous (650 mg/kg) administra- 
tion, absorption of the oral radioactive 1350-mg/kg dose was 47.6% (diet) 
and 65.4% (gavage) (Table W0. Thus, absorption of the 1350-mg/kg dose 
given in the diet was -73% of that given by gavage. Based on the excretion 
of unchanged I in urine (0-48 hr) after oral and intravenous adminis- 
tration, the absolute bioavailability of I from the 1350-mg/kg oral dose 
was 39.2% (diet) and 58.6% (gavage) (Table 111). The differences in the 
absorption and bioavailability values for the two modes of administration 
were statistically significant ( p  < 0.05). 


Absorption and Bioavailability in Rats-The absolute absorption 
of the oral radioactive dose (50 mgkg) in 2-month-old rats was 40.5% 
based on recoveries of radioactivity in 0-96-hr urine of 37.7% (diet) and 
93.0% (intravenous) of the administered dose (Table 11). At the time this 
study was done, an assay for I was not available and bioavailability esti- 
mates could not be obtained. 


Excretion in the 0-96-hr urine (representing minimum absorption) 
after administration of 1350 mg/kg in 2-month-old rats accounted for 
35.5% (diet) and 51.2% (gavage) of the dose (Table 11). Unchanged I ex- 
creted in the 0-48-hr urine (representing minimum bioavailability) ac- 
counted for 28.9% (diet) and 39.4% (gavage) of the dose (Table IV). 


In 15-month-old rats (1350-mgkg dose), excretion in the 696-hr urine 
(representing minimum absorption) accounted for 45.1% (diet) and 71.2% 
(gavage) of the dose (Table 11). Unchanged I excreted in the 0-18-hr urine 
accounted for 29.2% (diet) and 44.0% (gavage) of the dose (Table IV). The 


lo The comparison between 1350-mg/kg PO and 650-mg/kg iv doses was consid- 
ered to be valid since (in separate studies) absorption of I in the dose range of M50 
mg/kg was found to be dcae independent. The maximum nontoxic intravenous dose 
in mice was 650 mgkg. 


differences in minimum absorption values for the two modes of admin- 
istration were statistically significant in both age groups ( p  < 0.05). The 
differences in minimum bioavailability values for the two modes of ad- 
ministration were statistically significant for the 2-month-old rats ( p  < 
0.05) but not for the 15-month-old rats (p > 0.05). 


Since urinary excretion of total radioactivity and unchanged I after 
parenteral administration of 1350 mg of the drugkg was not determined 
in rats, the values reported for absorption and bioavailability of I rep- 
resent minimum estimates. 


DISCUSSION 


During chronic oral toxicological studies, test substances are admin- 
istered to rodents either by gavage or by incorporation in the diet. Boyd 
(9) reported that administration of the entire daily dose to animals by 
gavage reveals the maximum toxic potential of chronic human dosing 
better than administration of a compound in the diet. However, in a more 
recent pharmacokinetic study in rats, continuous dietary administration 
of an orally absorbed cephalosporin, cefatrizine, produced higher peak 
plasma concentrations, longer exposure, and greater drug bioavailability 
than administration of the same daily dose given once a day orally by 
gavage (10). Furthermore, in many cases, the convenience of adminis- 
tering a drug in the diet and the elimination of trauma and dangers of 
pulmonary complications caused by intubation make dietary drug ad- 
ministration the preferred mode during long-term toxicological studies. 
Moreover, for a drug that is given more than once a day for therapeutic 
efficacy, dietary administration in toxicological studies mimics more 
closely the therapeutic dosage regimen and, thus, has a better chance of 
showing potential accumulation than single daily doses administered by 
gavage. On the other hand, administration by gavage provides maximum 
control over quantitation and the dosing time and might be more suitable 
for drugs with long half-lives and whose absorption is severely impaired 
by the presence of food. 


The present studies demonstrate that the absorption and bioavail- 
ability of I in mice and rats were satisfactory a t  doses of 50 and 1350 
mg/kg given in the diet during repeated daily administration. There were 
no apparent differences in the absorption and bioavailability of I between 
males and females of either species. The data suggest that the absorption 
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Table 111-Bioavailability of Captopril a f t e r  Administration of Radiolabeled Captopril to Mice 


RouteIMode Percent of Dose Excreted in Urine 
Dose, Number of Total Unchanged Bioavailability, 
mglkg of Mice Administration Radioactivity Captopril 9i 


50a 8 Intravenous 


per 0s 
(in diet) 
per 0s 


(by gavage) 


74.0 f 2.75 40.5 f 4.26 


33.0 f 5.10 19.4 f 3.11 47.9 f 9.18 


41.0 f 3.13 18.0 f 1.98 44.4 f 6.76 


1350b 4 M  Intravenous 89.4 f 1.28 73.4 - 
(650 mg/kg) 


(in diet) 


(by w a g e )  


16 per 0s 41.6 f 1.15 28.8 * 1.77 39.2 f 2.43c 


16 per 0s 57.6 f 1.35 43.1 f 0.52 58.6 f 0.73 
(8 M, 8 F) 


(8 M, 8 F) 
All values are the mean f S E M  for individual animals and represent the C24-hr urine. The 048-hr urine was pooled for males and females separately. Significantly 


less than the mean for the gavage dose ( p  < 0.05). 


Table IV-Urinary Excretion of Unchanged Captopril af ter  
Oral Administration of Radiolabeled Captopril (1350 mg/kg) t o  
Rats  


Percent of Dose Excreted 
RouteIMode in 0-48-hr Urinea 


Age. Number of Total Unchanged 
months of Rats Administration Radioactivity Captopiilb 


2 16 per 0s 34.3 f 0.98 28.9 f 2.08" 
(8 M, 8 F) 


(7 M, 6 F) 


(7 M, 6 F) 


(6 M, 6 F) 


(in diet) 


(by gavage) 


(in diet) 


(by gavaae) 


13 per as 50.2 f 1.78 39.4 f 1.79 


15 13 per 0s 44.4 f 1.62 29.2 f 4.04 


12 per as 67.5 f 2.50 44.0 f 3.75 


a All values are the mean f SEM; the 0-48-hr urine was pooled for males and 
females separately in each group for thin-layer radiochromatography. * These 
values represent minimum bioavailability of the administered dose. c Significantly 
less than the mean for the gavage dose ( p  < 0.05). 


and bioavailability of I were actually higher in 15-month-old rats than 
in 2-month-old rats. This observation indicates that animals were exposed 
to substantial amounts of I throughout the 2-year toxicological and 
pathological studies. In general, the absorption and bioavailability of I 
were greater after gavage doses than after the same doses given in the 
diet. 


Although <19% (mice) and <39% (rats) of the administered dose were 
excreted as unchanged I in urine after oral administration, there was no 
evidence for any first-pass biotransformation or biliary excretion (and 
recycling) of I. In fact, the data in Table 111 indicate that the ratios of 
unchanged I to total radioactivity excreted in urine were comparable after 
oral and intravenous administration. In addition, fecal excretion after 
intravenous administration of I in rats (-9% of the dose) and in mice 
(-14% of the dose), in conjunction with biliary excretion of radioactivity 
determined in bile-cannulated rats (-10% of the dose) after oral ad- 
ministration of radiolabeled Ill, indicated little biliary excretion of I and 
i t s  metabolites. Therefore, the lesser amount of unchanged I excreted 
in urine after oral administration as compared to intravenous adminis- 
tration appeared to be due to incomplete I absorption rather than first- 
pass biotransformation. 


Repeated I administration did not significantly affect the extent of 


l1 K. J.  Kripalani and A. V. Dean, Squibb Institute, New Brunswick, NJ 08903, 
unpublished data. 


absorption or bioavailability of I in mice, based on a comparison of results 
obtained in the present studies with results obtained in previous studies 
in which single oral doses of I were given to fasted mice. The two-way 
crossover studies also illustrate a useful experimental design for the es- 
timation of relative absorption of a drug qdministered continuously in 
the diet over several days. The effect of repeated administration on the 
absorption rate of I was not determined. However, all absorption and 
excretion measurements were carried out in animals that had received 
the drug for a minimum of 2 weeks. 
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Abstract Two novel series of thio compounds bearing internal 
structural modifications of hexestrol were synthesized as potential an- 
ticancer agents. The first contains several N-substituted thiourea func- 
tions, and the second contains various N4-substituted-3-thiosemicar- 
bazide moieties in place of one a-ethyl group of hexestrol dimethyl ether. 
The products showed no antileukemic activity in the P-388 lymphocytic 
leukemia system and did not exhibit any anticonvulsant or estrogenic 
properties. 


Keyphrases Hexestrol-structurally related thiourea and thiosemi- 
carbazide derivatives as anticancer agents 0 Anticancer drugs, poten- 
tial-compounds related to hexestrol, screened against P-388 lymphocytic 
leukemia Thioureas-synthesis, hexestrol derivatives, evaluation of 
anticonvulsant and anticancer activities Thiosemicarbazide-synthesis 
of hexestrol derivatives, evaluation of anticonvulsant and anticancer 
activities 


Concurrent with ongoing studies of the cyclodesulfuri- 
zation of thio compounds into various heterocyclic deriv- 
atives (l), related studies have been concerned with the 
synthesis of thio compounds derived from menadione (2), 
phthiocol (2), steroids (3), diethylstilbestrol (4), and 
theophylline (5), the biologically active nuclei, for various 
pharmacological purposes. Extending these studies to 
compounds containing thio functions as internal modifi- 
cations of hexestrol, the thio derivatives IV-XI and 
XIV-XVIII (Scheme I) were prepared and tested for an- 
ticancer, estrogenic, and anticonvulsant activities. 


RESULTS AND DISCUSSION 


Chemistry-1,2-Bis(p-methoxyphenyl)butylamine (II), required as 
the starting material, was prepared through conversion of a-ethyl- 
desoxyanision (I) into the corresponding oxime (6), using hydroxylamine 


hydrochloride and potassium acetate in ethanol, followed by reduction 
of the product with aluminum amalgam in aqueous ethanol (7). The 
amine (11) was reacted with the equivalent amount of alkyl-, aryl-, or 
aralkylisothiocyanates (111) in refluxing ethanol to give N-[1,2-bis(p- 
methoxypheny1)butyll -"-substituted thioureas (IV-XI) in high yields 
(Table I). 


The treatment of the amine (11) with ethyl bromoacetate and sodium 
carbonate in anhydrous acetone gave the glycinate ester (XII), which was 
heated with excess hydrazine hydrate to yield the Nm-(1,2-bis(p- 
methoxyphenyl)butyl]-a-aminoacetohydrazide (XIII). Heating equi- 
molar amounts of this acid hydrazide and the selected isothiocyanate 
derivatives (111) in refluxing ethanol gave the required I-substituted- 
l-INa-[ 1,2-bis(p -methoxyphenyl)butyl] -a-aminoacetylJ-3-thiosemi- 
carbazides (XIV-XVIII) (Scheme I and Table I). The products were 
identified by the appearance of four bands at  1550-1525,1345,1320-1305, 
and 945-910 cm-', characteristic for the -NX=S amides of I, 11,111, and 
IV, respectively, in the IR spectra (5,8). 


The PMR spectra of representative examples of the thiourea deriva- 
tives IV, VIII, and IX and the thiosemicarbazides XIV, XV, and XVII 
showed the common protons resonating at  various shifts (Table 11). In 
addition to these signals, the other NH proton of the thiourea part was 
identified at  various shifts depending on the substituent present. It ap- 
peared as a triplet at 6 5.90 ppm for the ally1 derivative (IV), as a singlet 
at 6 8.11 ppm for the m-tolyl derivative (VIII), and as a multiplet a t  6 6.11 
ppm for the benzyl thiourea (XI). Likewise, the N4-H proton of the 
thiosemicarbazides appeared as a broad multiplet a t  6 6.59 and 6.54 ppm 
for XIV and XV, respectively, and as a singlet a t  8 8.57 ppm for XVII. 


The mass spectrum of N-[1,2-bis(p -methoxyphenyl)butyl] -N'-benzyl- 
thiourea (XI) did not show the molecular ion peak at  mlz 434. However, 
it  indicated that the compound had undergone fragmentation through 
two pathways (Scheme 11). The first pathway produced ions A and B at  
rnlz 284 and 150, while the second pathway gave ions C and D at rnlz 269 
and 165, respectively. These four ions, on further fragmentation, pro- 
duced various daughter ions (Scheme II), of which the tropylium ion at 
mlz 91 was almost as intense as the base peak at  mlz 78. The mass 
spectrum of the thiosemicarbazide (XVII) did not show the molecular 
ion peak at  m/z 506, but it showed the base peak at  miz 208 (see Exper- 
imental). 
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Table I-N-1,2-Bis(p-methoxyphenyl)butyl-N'-substituted Thioureas (IV-XI), Thiosemicarbazide Derivatives (XIV-XVII), and 
Results of Their Screening for Anticonvulsant Activity 


~~~~~~~~~~~~~~ ~ 


Anticonvulsanta 
Com- Yield, Melting M o 1 e c u 1 ar Analysis, % Protection, Mortality, 
pound % Point Formula Calc. Found % % 


IX 


X 


XI 


XIV 


xv 


XVI 


76 


68 


90 


90 


76 


87 


147-149' 


175-176O 


119-120' 


110-111' 


134-135' 


148-150' 


C 68.71 
H 7.34 
N 7.29 
S 8.34 
C 68.96 
H 8.05 
N 7.00 
S 8.00 
C 71.39 
H 6.71 
N 6.66 
S 7.62 
C 71.85 
H 6.96 
N 6.45 
S 7.38 
C 71.85 
H 6.96 
N 6.45 
S 7.38 
C 65.99 
H 5.98 
c1 7.79 
N 6.16 
S 7.05 
C 60.12 
H 5.45 
Br 16.00 
N 5.61 
S 6.42 
C 71.85 
H 6.96 
N 6.45 
S 7.38 
C 63.13 
H 7.06 
N 12.27 
S 7.02 
C 63.53 
H 7.68 
N 11.86 
S 6.76 
C 65.82 
H 6.55 
N 11.38 
S 6.57 
C 66.37 
H 6.76 
N 11.06 
S 6.33 
C 66.37 
H 6.76 
N 11.06 
S 6.33 


68.50 
7.20 
7.30 
8.60 


68.70 
7.80 
7 .OO 
7.90 


71.30 
6.80 
6.20 
7.80 


71.85 
6.80 
6.80 
7.30 


71.90 
7.00 
6.10 
7.50 


65.70 
5.80 
7.70 
5.70 
7.20 


60.10 
5.80 


16.00 
5.30 
6.50 


71.60 
6.80 
6.10 
7.10 


62.80 
6.60 


11.80 
7.50 


63.60 
7.50 


12.00 
6.60 


65.80 
6.60 


11.40 
7.10 


66.10 
6.10 


11.30 
6.00 


65.95 
6.60 


10.90 
7.00 


10 


b - 


b - 


20 


0 


40 


20 


0 


0 


10 


b - 


50 


10 


60 


b - 


- b  


50 


80 


50 


70 


90 


90 


30 


-b  


40 


60 


a The compounds, in doses equivalent to 100 mg of meprobamatekg, were suspended in gum acacia and orally given to albino mice (seven to 11 mice for each compound). 
The percent protection and percent mortality were determined as previously reported (5). Not tested. 


Biological-Compounds IV, V, VII, IX-XI, and XIV-XVIII did not 
exhibit any anticancer activity when tested in the P-388 lymphocytic 
leukemia system (9). In addition, the testing of representative examples 
of the products for other pharmacological properties revealed that they 
lacked estrogenic (Table 111) and anticonvulsant (Table I) activities. 


As revealed in the literature, various compounds possewing anticancer 
(10) and other pharmacological properties can be produced through 
chemical modifications involving the replacement of the one or two 
a-ethyl groups of hexestrol by ethylidenyl(lO-l2), cyclopropyl(13), aryl 
(14, 15), or substituted amide (16, 17) moieties. As a supplementary 
modification of hexestrol, the designed compounds contained the thio- 
urea and the thiosemicarbazide functions. The thiosemicarbazide com- 
pounds are known to produce anticancer activity when attached to certain 
heterocyclic compounds (18-21). 


The inactivity of the products in the P-388 lymphocytic leukemia 
system has provided another example (9) of the inability of these thio 
functions, due to the variation of structures, to form the tridentate ligands 
(22) necessary for blocking DNA synthesis in tumor cells. The thio groups 
were too bulky relative to the a-ethyl groups in hexestrol to allow IV and 


XIV to bind to the receptors; hence, they did not exhibit estrogenic ac- 
tivity (3). The results of anticonvulsant screening for XVII (5), which 
indicated 50% protection, confirmed the failure of related types of these 
compounds to fulfill the structural requirement for a proper anticon- 
vulsant agent. 


EXPERIMENTAL' 


1.2-Bis(p-methoxyphenyl)butylamine (11)-Aluminum amalgam, 
prepared from aluminum (22 g) and mercuric chloride (17.5 g) as reported 
(7), was treated with the solution of the oxime (12 g, 0.04 mole) in ethanol 
(220 ml) and distilled water (220 ml). The reaction mixture was stirred 
for 48 hr and filtered, and the residue was washed with ethanol (2 X 200 
ml). Ethanol was distilled off from the combined filtrate and washings, 
and the residue was extracted with ether (4 X LOO ml). The ether extracts 


All melting points are uncorrected. IR spectra were measured aa Nujol mulls 
on a Beckman 4210 IR spectrophotometer. NMR and mass spectra were measured 
on a Perkin-Elmer R 32 and a AEI-MS-50, respectively. 
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Table 11-Signals of the Common Protons in the PMR Spectra of 
the Thioureas IV, VIII, and XI and the Thiosemicarbazide 
Derivatives XIV, XV, and XVII 


\ I 2. Al/Hg- 


I1 


1. BrCH,COOC,H, 


R' 
XII: R = -OC,H, 


XIII: R = -NHNH, 


IV: R = CH,CH=CH, 
V: R = CH,CH,CH,CH, 


VI: R = C,H, 
VII: R = C,H,CH,@) 


VIII: R = C,H,CH,(m) 
IX: R = C,H,Cl@) \ X: R = C,H,Br@) 
XI: R = CH,C,H, 


XIV: R = CH,CH=CH, 
XVI: R = C,H, 


XV: R = CH,CH,CH,CH, 
XVII: R = C,H,CH,(m) 


XVIII: R = CH,C,H, 
Scheme I 


were dried (anhydrous sodium sulfate) and evaporated to leave an oil, 
which soon solidified. Crystallization from light petroleum (bp 60-80") 
gave 8.6 g (75% yield) of white needles, mp 94-95' [lit. (23) mp 94- 
95.5'1. 


N-[ 1,2-Bis(p-methoxyphenyl) butyll-N'-substituted Thioureas 
(IV-XI)-A solution of I1 and the equivalent amount of the appropriate 
alkyl-, aryl-, or aralkylisothiocyanate (111) in ethanol was heated under 
reflux for 30 min. The solvent was evaporated, and the residue was 
scratched with drops of light petroleum (bp 40-60') or an ether-light 
petroleum mixture to deposit into a solid. The products were crystallized 
from a benzene-light petroleum mixture and identified by elemental 
analysis, IR, PMR (Table II), and mass spectra; IR (mineral oil): 
3400-3330 and 3310-3220 (NH), 1610,1585, and 1510 (C=C aromatic), 
and 1550-1525,1345,1320-1305, and 945-910 cm-i (-N-C=S, amide 
I, 11,111, and IV bands, respectively). Yields and physical constants of 
the products are recorded in Table I. The mass spectrum of XI showed 


Com- 
pound H(a) H(b) H(c) H(d) H(d') H(e) H(f) 


Chemical Shift", 6 ppm (CDC13) 


IV 0.70t 1.54q 2.77q 3.80s 3.80s 5.00m 6.34d 
VIII 0.70 t 1.56m 2.76m 3 . 7 5 ~ ~  3.78s 5.69 t 6.30d 


XI 0.75t 1.55m 2.77 m 3 . 7 5 ~ ~  3.87s 5.00m 6.70m 
XIV 0.60t 1.36 m 2.72m 3.88s 3.88s 3.58m -c  


XV 0.60 t - 2.74m 3.84s 3.84s 3.53 m -c  


XVII 0.58 t 1.33 m 2.70m 3 . 7 2 ~ ~  3.75s 3.54 m - c  


s = singlet, d = doublet, t = triplet, q = uartet, and m = multiplet. * The dif- 
ferkce in the chemical shift between the (dq and (d') group protons is due to the 
presence of the protons of the methoxyl group (d) in the positive shielding area 
caused by the anisotropic effect of the aryl substituents in the thio chains of these 
compounds. H(f) in the thiosemicarbazides appeared between 0.90 and 1.82 ppm 
mixed with the methylenic protons. 


m/z (relative abundance %) M' at  434 absent, 284 (2), 269 (46), 240 (6), 
165 (6), 150 (8), 149 (42), 136 (42), 135 (9), 134 (9), 133 (5), 121 (31), 107 
(9), 106 (16), 91 (99), and 78 (100). 
Na-[ 1,2-Bis(p-methoxyphenyl)butyl] -a- aminoacetohydrazide 


(XII1)-A solution of ethyl bromoacetate (2.24 g, 0.0134 mole) in dry 
acetone (10 ml) was added dropwise (during 30 min) onto a well-stirred 
mixture of I1 (3.45 g, 0.012 mole) and anhydrous sodium carbonate in dry 
acetone (40 ml). The mixture was heated under reflux while stirring for 
8 hr, allowed to cool, and then filtered. The filtrate was evaporated to 
leave an oily residue, which was dissolved in benzene (50 ml). The benzene 
solution was washed successively with 10% aqueous HCl (2 X 25 ml), 
sodium carbonate solution, and water. Benzene was evaporated to leave 
3.78 g (84%) of a viscous oil, which was homogeneous on TLC and used 
directly in the subsequent experiments. IR (mineral oil): 3340 (NH), 1740 
(C=O), 1610,1585, and 1510 (C=C, aromatic), 1300 (6 NH), and 1250, 
1175, and 1040 (C-0-C) cm-*. 


The mixture of ester XI1 (3 g, 0.0081 mole) and hydrazine hydrate (15 
ml) was heated for 3 hr a t  90-110' (external temperature). The mixture 
was poured onto excess water to,separate the oil, which was extracted with 
benzene (2 X 50 ml). The benzene extract was washed with water, dried 
(anhydrous sodium sulfate), and evaporated. The oil left (2.57 g, 89%) 
was homogeneous on TLC and used directly for preparation of the 
thiosemicarbazides; IR (liquid film): 3350 (NH), 1670 (C=O), 1615,1585, 
and 1510 (C=C aromatic), 1305 (6 NH), and 1250,1180, and 1040 (C- 
0-C) cm-*. 


4-Substituted -1- {Na-[1,2-bis(p-methoxy)butyl] -a- amino? 
acetyl)-3-thiosemicarbazides (XIV-XVII1)-The mixture of the acid 
hydrazide XI11 (0.71 g, 0.002 mole) and an equimolar amount of the ap- 
propriate alkyl-, aryl-, or aralkylisothiocyanate (111) in dry benzene (20 
ml) was heated under reflux for 2.5 hr. The solvent was removed, and the 
residue was boiled in light petroleum while being scratched to deposit 
into solid. Crystallization from benzenelight petroleum gave the required 
thiosemicarbazides (XIV-XVIII) (Table I). The products were identified 
by microanalysis and IR, PMR (Table 11), and mass spectra. The mass 
spectrum for the p-tolylthiosemicarbazide (XVII) showed m/z (relative 
abundance W) M at 506 absent, 325 (3), 296 (21,269 (12), 268 (6), 208 
Table 111-Results of Estrogenic Activities 


Num- Uterine Weight, 
ber mg/100 g 


Doses, of of body P 
Compound Fmoles/kg Animals weight f SE Value" 


Ovariectomized 0 5 


Hexestrol 2 4 
8 4 


IV 2 4 
8 4 


control 


XIV 
32 4 


2 4 
8 4 


32 4 


56.4 f 6.1 - 


123.5 f 9.5 <0.001 
155.0 f 19.4 <0.01 
46.1 f 7.5 NS 
45.8 f 2.9 NS 
48.6 f 3.4 NS 
49.9 f 7.2 NS 
53.8 f 3.2 NS 
98.6 f 15.5 <0.02 


a NS = not significant. 
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HN-CH.,/A? 


m / z  165 (6.2%) 'wH31+ C2,H,,N,0,S; M' m l t  434 absent S 
II 1 


+\ 


C: C,,H,,O,; m / z  269 (43%) 


J \ 


m/z 240 (6.4%) H 


C,H,NO 
m/z  134 (8.5%) CH,O 


CH3 I 


1 E: C,,H,,O,; m / z  268 (36.4%) 


,+ ,+ 


6' 0-0 6' 


B: C,,H,,O 
m/z  150 (7.8%) 


C H , O o C H - - N = C = N - -  CH, 
CH,N=C=S~+ 


I CH, - 
1 
CH3 


C9HI 2 0  


mlz 136 (41.9%) 


1 
I 
C-N ClH,O 


m / z  107 (8.5%) 
C,H,NO 


m/z  133 (4.7%) 


Scheme II  


C,H,O; m / z  121 (31%) 


'1h60 
m / z  106 (15.5%) 


(100), 193 (20), 150 (35), 149 (99), 148 (64,136 (46), 135 (9), 134 (a), 133 
(41,121 (611,117 (221,116 (16), 107 (36), 106 (34), 91 (99),85 (28), 83 (44), 
and 78 (12). 


(2) A.-M. M. E. Omar and N. S. Habib, Pharmazie, 33,81 (1978). 
(3) A.-M. M. E. Omar, S. M. El-Khawass, A. B. Makar, N. M. Bakry, 


(4) E. I. Ibrahim, A.-M. M. E. Omar, M. A. Khalil, M. A. Makar, M. 


(5) A.-M. M. E. Omar, F. A. Ashour, A. B. Makar, and M. R. I. Soli- 


(6) P. P. T. Sah, J. Chin. Chern. SOC. (Taipei), 13,111 (1946); through 


and T. T. Daabees, ibid., 33,577 (1978). 


R. I. Soliman, and T. T. Daabees, ibid., 35,82 (1980). 


man, ibid., 34,110 (1979). 


REFERENCES 


(1) A.-M. M. E. Omar, F. A. Ashour, and J. Bourdais, J.  Heterocyl. 
Chem., 16,1435 (1979). 


1070 I Journal of pharmaceutical Sciences 
Vol. 70, No. 9, September 1981 







Chem. Abstr. Jpn. ,  41,5870a (1947). 


991 (1978). 
(7) R. M. Shafik, R. Soliman, and A. M. Hassan, J. Pharm. Sci., 67, 


(8) A.-M. M. E. Omar and S. A. Osman, Pharmazie, 28,30 (1973). 
(9) E. A. Ibrahim, A.-M. M. E. Omar, and M. A. Khalil, J. Phorm. 


(10) M. A. Kornitsckii and L. A. Cherkasskii, Vopr. Onkol., 16, 84 


(11) E. R. Clark and S. R. O'Donnell, J. Chem. Soc., 1965,6509. 
(12) D. J. Collins and J. J. Hobbs, Aust. J. Chem., 23,119 (1970). 
(13) J. G. Bennett, Jr., and S. C. Bunce, J. Org. Chem., 25, 73 


(14) Wm. S. Merrell Co., British pat. 822,954 (1959); through Chem. 


(15) T. Giannina, M. Butler, F. Popick, and B. Steinetz, Contracep- 


(16) S. H. Zaheer, P. B. Sattur, and P. P. Rao, Ann. Chem., 691,55 


Sci., 69,1348 (1980). 


(1970); through Chem. Abstr. Jpn.,  73,710~ (1970). 


(1960). 


Abstr. Jpn.,  54,8740~ (1960). 


tion, 3,347 (1971); through Chem. Abstr. Jpn. ,  75,45219t (1971). 


(1966). 


NOTES 


(17) N. K. Kochetkov and N. V. Dudykina, Zh. Obshch. Khim., 29, 


(18) K. C. Agrawal, S. Clayman, and A. C. Sartorelli, J. Pharm. Sci., 


(19) W .  E. Antholine, J. N. Knight, and D. H. Petering, J. Med. Chem., 


(20) J. A. Crim and G. Petering, Cancer Res., 27,1268 (1967). 
(21) I. Anthonini, F. Claudi, F. Franchetti, M. Grifantini, and S. 


(22) F. A. Frensh and E. J. Blaur, Cancer Res., 25,1454 (1965). 


4078 (1959); through Chem. Abstr. Jpn. ,  54,20982h (1960). 


65,297 (1976). 


19,339 (1976). 


Martelli, J.  Med. Chem., 20,447 (1977). 


ACKNOWLEDGMENTS 


Supported in part by Pharco Pharmaceuticals, Cairo, Egypt. 
The authors thank the members of the Drug Research and Develop- 


ment Division of Cancer Research, National Cancer Institute, for 
screening the compounds and the members of the Microanalytical Unit, 
Faculty of Science, University of Cairo, for microanalytical data. 


Pharmacokinetic Linearity of Desipramine Hydrochloride 


D. WEINER', D. GARTEIZ, M. CAWEIN, 
T. DUSEBOUT, G. WRIGHT*, and R. OKERHOLM 
Received July 10,1980, from the Merrell Dow Pharmaceuticals Znc., Subsidiary of the Dow Chemical Company, Cincinnati, OH 45215. 
Accepted for publication February 2,1981. *Present address: A. H. Robins Co., Richmond, VA 23220. 


~ 


Abstract The pharmacokinetic linearity 'of two single oral doses of 
desipramine hydrochloride was examined in a parallel study involving 
30 subjects. Fourteen subjects received 75 mg (3 X 25 mg) of desipramine 
hydrochloride, and 16 subjects received 150 mg (1 X 150 mg). An open 
one-compartment model with a lag time to the start of absorption was 
used to examine the pharmacokinetic linearity. The results of the study 
suggest that the kinetics are linear in the dose range studied. 


Keyphrases 0 Desipramine hydrochloride-pharmacokinetic linearity, 
bioavailability, comparison of two tablet dose levels, humans Phar- 
macokinetic linearity-desipramine hydrochloride, humans 0 Tricyclic 
antidepressants-desipramine hydrochloride, pharmacokinetic linearity, 
bioavailability, comparison of two tablet dose levels, humans 


~ 


Tricyclic antidepressants are widely used in the treat- 
ment of depression. Recent studies (1-9) showed a rela- 
tionship between steady-state plasma tricyclic levels and 
therapeutic response. Several investigations (10-14) were 
undertaken to find a means of predicting steady-state 
plasma tricyclic antidepressant concentrations based on 
plasma levels obtained after a single dose, thus avoiding 
time-consuming dosage titration to therapeutic plasma 
levels. These studies indicated that steady-state plasma 
levels can be predicted accurately by the area under the 
plasma concentration curve (AUC) following a single dose 
or by a single plasma level obtained 24,48, or 72 hr after 
dosing. 


This study determined the pharmacokinetic linearity 
of two single doses of desipramine hydrochloride*, pro- 
viding additional evidence that the steady-state predic- 
tions are reasonable. 


1 Norpramin, Merrell Dow Pharmaceuticals. 


EXPERIMENTAL 
Subjecte-Thirty healthy male volunteers were randomized into two 


parallel treatment groups; 14 received 75 mg (three 25-mg tablets) of 
desipramine hydrochloride and 16 received one 150-mg tablet. The 
subjects were 19-40 years of age and 47-78 kg. All subjects were within 
10% of their ideal weight. 


Protocol-Each subject received the prescribed dose at  800 am. A 
15-ml blood sample (vacuum blood-drawing tubes2 containing lithium 
heparin as anticoagulant) was drawn just prior to dosing (time zero) and 
at  0.5,1,2,3,4,6,8,10,12,14,24,36,48, and 72 hr postdosing. No solid 
food was permitted from 800 pm of the preceding day until 1200 noon 
of the dose day, a t  which time a standard lunch was served. A low-fat 
dinner was served at  600 pm; after collection of the 24-hr sample, the 
subject resumed eating ad libitum. A parallel design was employed in- 
stead of a crossover design since the elimination half-life for desipramine 
can be long and variable (15). 


Analytical Method-The separated plasma was kept frozen until it 
was assayed. Desipramine was measured using a GLC-mass spectro- 
metric technique adapted from Pantarotto et al. (16). The method in- 
volved the addition of the internal standard (nortriptyline) and extraction 
of the alkalinized plasma with n-hexane. The extract was reacted with 
acetic anhydride and pyridine without prior evaporation. The acetylated 
extract then was evaporated to dryness, and the residue was dissolved 
in ethanol. An aliquot was injected into the apparatus with selected-ion 
monitoring a t  m/z 305 and 308. 
Calculations-Pharmacokinetic parameters were computed for each 


dosage level corresponding to an open one-compartment model with a 
lag time (17) using: 


where D is the administered oral dose, F is the fraction of the dose ab- 
sorbed, V is the apparent volume of distribution, K,, is the apparent 
first-order absorption rate constant, K ,  is the first-order elimination rate 
constant, L is the lag time to the start of absorption, and t is the time 


2 Kimble-Terumo Venoject tubes. 
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Abstract 0 Three aspirin derivatives, aspirin phenylalanine ethyl ester, 
aspirin phenylalanine amide, and aspirin phenyllactic ethyl ester, were 
investigated with respect to their hydrolysis by a-chymotrypsin. Of the 
three compounds, aspirin phenylalanine ethyl ester was the best sub- 
strate, with kcat = 25 sec-' and K ,  = 1.3 X lop6 M at pH 8.0. The results 
for all substrates were in the range of expectation based on kinetic data 
for other substrates. The apparent latitude in the nature of the acylamide 
substituent of a-chymotrypsin substrates makes this enzyme a good 
potential reconversion site for many drug derivatives. 


Keyphrases 0 Aspirin-derivatives, hydrolysis by a-chymotrypsin 0 
Derivatives-aspirin, synthesis by a-chymotrypsin hydrolysis 0 
a-chymotrypsin-hydrolysis of aspirin derivatives Physicochemis- 
try-modification strategies based on enzyme substrate specificities, 
a-Chymotrypsin hydrolysis of aspirin derivatives 


Previously (l), a rationale for selecting amino acid de- 
rivatives of aspirin was described and the syntheses of 
aspirin phenylalanine ethyl ester (I), aspirin phenylalanine 
amide (II), and aspirin phenyllactic ethyl ester (111) were 
reported. These derivatives were so designed that after an 
initial cleavage of the terminal ethyl ester or amide linkage, 
carboxypeptidase A regenerates aspirin in uiuo. This paper 
reports kinetic studies of these derivatives in the presence 
of a-chymotrypsin. 


EXPERIMENTAL 


Materials-a-Chymotrypsin was obtained as a dialyzed, salt-free, 
lyophilized-powder1. The operational normality of a-chymotrypsin so- 
lutions was determined by a direct spectrophotometric titration as de- 
scribed previously (2). 


Kinetic Measurements-The hydrolysis of the prodrugs was followed 
by automatic titration2 at a constant pH. 


All solvents and chemicals were reagent grade. Triple-distilled water 
was used in preparing solutions, and the reaction vessel was thermostated 
at 25.00 f 0.02'. Dry nitrogen gas was gently blown into the reaction 
vessel to exclude atmospheric carbon dioxide from the system. 


The titrating mechanism was set at the desired pH, and sufficient 
volume of the prodrug solution containing 0.1 M potassium chloride was 
pipetted into the reaction vessel and allowed to equilibrate for 10 min 
during magnet stirring. The solution was then brought to the desired pH, 
when a stable baseline was obtained, 10 p1 of a suitable concentration of 
enzyme was added. The automatic titrating mechanism maintained the 
set pH during the hydrolytic reaction by adding increments of base as 
small as 0.1 p1 and continuously recording the amount of base consumed 
versus time. 


In runs with 111, substrate stock solutions were made in acetonitrile. 
An aliquot of the stock solution was added to the reaction vessel con- 
taining a predetermined volume of 0.1 M potassium chloride solution, 
and then the titration was performed in the same manner as de- 
scribed. 


The pH-stat results were fit by regression analysis to a polynomial of 
the form y = a0 + al t  + a&, wherey is the moles of alkali consumed, t 
is time, and a1 is the initial rate of hydrolysis. 


Aldrich Chemical Co. 
Radiometer 'IT160 titrator, SBR3 titrigraph, ABU12 autoburet, and PHM61 


pH meter. 
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h I  ; W 101 
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Figure 1-Lineweaver-Burk plot for the hydrolysis of  I by 1.79 X 
M a-chymotrypsin at p H  7.5 and by 2 X 
pH 8.0. 


M a-chymotrypsin at  


RESULTS AND DISCUSSION 


a-Chymotrypsin-catalyzed hydrolysis follows the general kinetic 
scheme shown in Scheme I. 


k 


k-2 + k-3  
E + s &E ... s &EP* &E + pZ 


PI 
Scheme I 


The initial rate is given by the Michaelis-Menten equation: 


(Eq. l a )  kcatEoSo vo = ~ 


Km + SO 
where So and E o  are the initial amounts of substrate and enzyme ( S O  >> 
E o ) ,  or by the Lineweaver-Burk equation: 


(Eq. l b )  


Plots of 1/Vo versus I/& for I and I1 at  pH 7.5 and 8.0 are shown in 
Figs. 1 and 2. Straight lines were obtained in all cases, and kcat and K ,  
were calculated from the slopes and intercepts. These results are sum- 
marized in Table I. 


It was shown (3) that k,,JK, is the most meaningful kinetic parameter 
for comparing different substrates. Good substrates will have a large k,t 
and low K ,  (tight binding) value and, hence, a large k,JK, value. At  
low substrate concentrations ( S  << K,), the enzymatic reaction is first 
order (with Eo constant), with the rate constant equal to (k,,JK,)Eo. 
Hence, at a given enzyme level, Eo, k,,JK, determines the reaction rate 
a t  low substrate. 


Table I shows that for I, k,,JK, is smaller by a factor of six a t  pH 7.5 
than at  pH 8.0 but that K ,  does not change significantly. The kcat value 
was eight times smaller a t  pH 7.5 than at pH 8.0. For N-acetyl phenyl- 
alanine ethyl ester, kcat is three times smaller a t  pH 7 than at pH 7.8 (4). 
Both K ,  and k,,t values for I were smaller than those for the N-acetyl 
derivatives. However, the ratio of k,,JK, was of comparable magnitude 
to that for the N-acetyl derivative. A similar change in kc,JK, was also 
noticed for I hydrolysis. The change in structure of the prodrug from ethyl 
ester to an amide caused a reduction in the hydrolysis rate by a factor of 
lo5. This finding was consistent with the results reported (4) for N-ace- 
tyl-L-phenylalanine derivatives. 


1 -  1 K m  1 
VO kcat& kcatEoS0 
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proximately equal substrate and enzyme concentrations. This approach 
violates one basic assumption of the derivation of the Michaelis-Menten 
equation (SO >> Eo). Dixon (5 )  described an elegant and simple direct plot 
for determining K ,  when a substantial fraction of the substrate is 
bound. 


The velocity atany [ S ]  is given by u = kCat[ES]. At some given point 
on the velocity curve, one can write: 


u = v,, (e) (Eq. 2) 


where n is a whole number. Therefore, a t  the given point on the velocity 
curve: 


After making appropriate substitutions, one obtains: 


A series of lines are drawn from the origin through points on the ve- 
locity curve where u = V,, [ ( n  - l ) / n ] .  Since n is a whole number, the 
points correspond to 1/2V,, 2/3V,, 3/4V,, etc. Each line intersects 
a horizontal line of height Vmax at  different [ S ] ,  values, called [S]2 (for 
the line through 1/2Vm,), [ S ] ,  (for the line through 2/3V,,,), [S]3 (for 
the line through 2/3Vma,), and so on. The value of each IS], is given 
by: 1 I 1 I 


4 8 
S-', (liter/mole) x I O - ~  (Eq. 6) 


Figure 2-Lineweauer-Burk plot for the hydrolysis of II by 6.26 X 
M a-chymotrypsin at pH 7.5 and by 4.4 X 
pH 8.0. 


M a-chymotrypsin at 
where [ S ] ,  is the total substrate concentration required for a given n. 
Consequently: 


Correlation between hydroxide-ion-catalyzed hydrolysis rate constants 
and the first-order enzymatic hydrolysis rate constant, k,. JK, ,  was 
shown (3). For aspirin phenylalanine derivatives, the change in reactivity 
may be attributed to the electronic effect of the substituent rather than 
to any change in binding with the active site. Table I also shows that 
N-acetyl and N-aspirin derivatives have k,JKm values within an order 
of magnitude. Therefore, for these substrates, the chymotrypsin-cata- 
lyzed hydrolysis is reasonably independent of the drug molecule, a re- 
quirement for general application of this approach. The hydrolysis rates 
obtained were within the expected range. 


Experiments with I11 had to be carried out under conditions of ap- 


and from Eq. 5 


Ph 7.5 
p ; . ?  
0 
X 
n 
0 
Q) 
v) 


Table I-Kinetic Parameters for a-Chymotrypsin-Catalyzed 
Hydrolysis 


kcat 
K ,  
- Km, kcat, 


Substrate molehter sec-l moles sechiter pH 
T 2  


Q) 


0 
- 
E Aspirin 


phenylalanine 
ethyl ester (I) 


phenylalanine" 
ethyl ester 


phenyllactic 
ethyl ester (111) 


phenyllactic * 
ethyl ester 


phenylalanine 
amide (11) 


N-  Acetyl 
phenylalanine" 
amide 


N- Acetyl 


Aspirin 


0-Acetyl 


Aspirin 


1 x 10-6 2.91 2.91 X lo6 7.5 


1.3 X 
1.2 x 10-3 


1.92 X lo7 8.0 
1.33 X lo5 " 7.8 


25 
160' 


0.88 x 10-3 (1 


2.02 x 10-5 
63 " 


7.93 x 10-3 
7.16 X 104 " 6.99 
3.96 X lo2 8.0 


2.5 X 
2.3 x 


3.7 x 10-3 
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1.48 X!02 7.5 
26.1 8.0 


5.1 x 10-4 5 x 10-3 9.8 7.5 
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3 x 10-2 " 


6.2 x 10-3 
4.6 X 


24.7 8.0 
1.53" 7.9 


Figure 3-Lineweauer-Burk plot for the hydrolysis of III by 3.02 X 
M a-chymotrypsin at pH 7.5 and by 1.5 X 
pH 8.0. 


M a-chymotrypsin at 
a Taken from Ref. 4. * Taken from Ref. 12. 
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Figure 4-Dixon plot for determining K, for the hydrolysis of 111 by 
3.02 X M a-chymotrypsin at  pH 7.5. 


or: 


[SIn = nK, + [Elt (Eq. 9) 


[SIn - [SIn- l=  Km (Eq. 10) 


This procedure requires a knowledge of V,=. It was shown (6) that if the 
Vmax value chosen is too low, the distances between the intercepts (i.e., 
K,) decrease toward the right. If the V,,, value chosen is too high, the 
intervals increase toward the right. Thus, the method gives a check on 
the assumed value of V,,,. 


The VmaX values used in the Dixon plots were obtained from the 
Lineweaver-Burk plots (Fig. 3) of the data. The Dixon plots are shown 
in Figs. 4 and 5; the intercepts were at constant intervals on the V,, axis, 
indicating the validity of the V,, values used. The K ,  values obtained 
by the Dixon method (Table I) were only slightly lower than those found 
by the Lineweaver-Burk method. 


Table I shows that the k,,JK, ratio was much lower for I11 than for 
its phenylalanine analog. This finding may be explained by the specificity 
of a-chymotrypsin in terms bf sites on the enzyme complementary to the 
four groups oriented tetrahedrally about the a-carbon atom of the sub- 
strates (6-8). The substrate groups may fit into the corresponding sites 
or associate with them with varying effects. The a-acylamido group fits 
into its site and associates by hydrogen bonding (9,lO). For the phenyl- 
lactic acid derivative, the acylamido hydrogen capable of hydrogen 
bonding is lacking. This condition probably leads to less favorable or- 
ientation and a concomitant reduction in the reaction rate (kcat). 


It was shown (11) that all esters of the same acyl group give the same 
steady-state hydrolysis rate, indicating that deacylation is the rate- 
limiting step. For the amides, the rate depends on the amide group in- 
volved (i.e., acylation is rate limiting). Therefore, for ester hydrolysis with 
a-chymotrypsin, k,, = k3; for amides, k,,, = k2. It may be shown from 
the enzyme kinetic scheme (Scheme I) that K ,  and the equilibrium 
constant K, are related as follows: 


The intercepts on the V,,, line occur a t  increments of K,, i.e.: 


If k2 >> k3: 


If k3 >> k2: 


K, = K ,  


Bender and coworkers (4.11) outlined some consequences of Scheme 
I for two types of substrates, esters and amides. They showed that the 
leaving groups (the ester or amide moieties) contribute very little, if 
anything, to the binding of substrates to a-chymotrypsin. Thus, K, values 
for amides and esters of the same acylamino acids should be similar. 
Because K ,  = K, for the amide substrate, this experimentally deter- 


I / / /  
l o t  


8 1 


So X 105M 


Figure 5-Dixon plot for determining K, for the hydrolysis of I I I  by 
1.5 X M a-chymotrypsin at  pH8.0 .  


mined value may be used as K, for the ester. In this way, all rate constants 
for various substrates can be evaluated. A t  pH 8.0, the values obtained 
for I are K, = 2.4 X M, kz = 9.8 X lo3 sec-l, and k3 = 25 sec-'. The 
values for I1 are Ks = 2.4 X see-', and k3 = 25 
sec-1. 


Therefore, of the three synthesized prodrugs of aspirin, I showed the 
highest hydrolysis rate in the presence of a-chymotrypsin. The kinetic 
parameters obtained were within the range of expectation based on prior 
knowledge of the properties of a-chymotrypsin. 


M ,  kz = 6.1 X 
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(each s, 3H), 2.92 (m, lH, 0-C-H), 3.55 (bs, 2H, CHzOH), 
and 4.87 and 5.00 (each bs, 1H); 3450 cm-l (OH). These 
results showed that the metabolic product and its acetate 
were represented best as I11 and 11, respectively. The ab- 
solute configuration of the metabolized methyl group on 
a four-membered ring of I was established by X-ray study 
of 11: [a = 9.62414) A, b = 8.599(4) A, c = 10.214(4) A, p = 
105.47(3)', space group P21, Dc = 1.13 g/cm3, and z = 21. 
The diffraction intensities were collected in the w-scan 
mode, using graphite monochromated MoKa radiation on 
a diffractomer2, and corrected for Lorenz polarization and 
background effects. The structure was resolved by direct 
methods using a Multan program (2) and was refined by 
full matrix least-squares calculations. The final R value 
was 0.092 for 1008 reflections. The relative stereostructure 
of I1 is shown in Fig. 1. 


Two metabolic pathways may be present in the bio- 
transformation of I (Scheme I). In this connection, (-)- 
caryophyllene oxide (IV), [ a ] ~  -35.2" (c, 2.19 in chloro- 
form), also was administered to rabbits by the method 
already described. After being acetylated, I1 was obtained 
as the major product from the neutral metabolites. Thus, 
route A was confirmed. Although the presence of route B 
remains to be clarified, route A may be more favorable than 
B since IV was found in some essential oils (3-5). According 
to biotransformation, the hydroxylation of the gem-di- 
methyl group on the three-, four-, five-, and six-membered 
rings was established for 3-carene (6, 7) and carane (7); 
caryophyllene; camphor (8) and fenchone (9); and retinoic 
acid (lo), respectively. The stereoselective hydroxylation 
of gem-dimethyl on the four-membered ring in mammals 
was not reported previously. 
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Relationship between Flow Rates of 
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To the Editor: 


Since the compressed tablet is the most common dosage 
form manufactured, the ability to predict scale-up prop- 
erties of tablet formulations for high-speed processing is 
needed. To manufacture tablets on a rotary tablet ma- 
chine, flow of granular material through a stationary orifice 
(ix., efflux tube on the granulation hopper) followed by 
flow into moving orifices (i.e., tablet dies) is required. Since 
little data have been reported (1,2) that characterize the 
latter process of dynamic flow, data from static flow 
measurements have been used to predict dynamic flow 
properties of solids. Takieddin et al. (3) reported that 
dynamic flow rates were not predicted successfully from 
measurements of solid flow through a stationary orifice 
(static flow), noting that an apparatus suitable for the 
study of dynamic flow was not available. 


An apparatus was constructed to study the dynamic flow 
of granular materials (4,5). Although the instrument does 
not provide an exact duplication of events that occur 
within the feed frame of a tablet machine, it provides a 
reasonable means to obtain dynamic flow data. A slight 
modification of the apparatus also provides a means to 
study static flow rates. 


Dynamic flow measurements of a lactose-cornstarch wet 
granulation (6) were reported (7). Six measurements were 
obtained for each combination of granulation mesh cut 
(2040,40-60, and 60-801, orifice size [3/ls (0.48),l/4 (0.63), 
5/16 (0.8), 3/8 (0.95), and l/2 (1.3) in. (cm)], and five die ve- 
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Table I-Static and Dynamic Flow Rates for Three Granulation Mesh Cuts 


Mesh Cut" of Average Particle Orifice Static Flow Dynamic Flow 
USP Sieves Diameter*, ern Diameter, in. (cm) Rate ( Ws),  glsec Rate (W#,  glsec 


20-40 


40-60 


0.0630 


0.0335 


0.74 
1.71 
3.11 
5.65 


1.13 
2.43 
4.25 
7.44 


12.7 


0.53 
1.24 
2.74 
4.75 


0.88 
1.99 
3.97 
7.02 


12.4 


15.5 17.1 
60-80 0.0214 3/~6 (0.48) 1.31 1.07 


'14 (0.63) 2.73 2.34 
5/16 (0.8) 4.45 4.48 
31s (0.95) 8.19 7.84 
'12 (1.3) 14.7 18.3 


Particle density measurements (5) for the three mesh cuts are: 20-40, p = 1.45 g/ml; 40-60, p = 1.49 g/ml; and 60-80, p = 1.52 g/ml. * Average particle diameter is 
defined as the arithmetic mean of the sieve openings for each pair of USP sieves; this value is an approximation (12). c Values of dynamic flow rates reported by Carstensen 
and Laughlin (7) were incorrect. 


locities (between 3 and 12.5 cm/sec); average dynamic flow 
rates (Wz), as defined by Carstensen and Laughlin (7), are 
listed in Table I. For static flow measurements, the mov- 
able slide of the apparatus was stationary; an aluminum 
tube (2.54 cm i.d.) centered above the die held the granular 
material. Measurement of static flow rates was made with 
the same three granulation mesh cuts and the same five 
orifice sizes as used during dynamic flow studies. Five 
measurements with each combination of orifice and par- 
ticle size were made; mean data are reported as static flow 
rates (W,) in Table I. An apparent difference is noted 
between pairs of values for each set of experimental con- 
ditions; the dynamic flow rate is smaller in most cases. 


Equations developed for modeling static flow often are 
based on the Brown-Richards equation (8) and are written 
in the following form: 


w, = j(d)P"'d' (Eq. 1) 


where f and n denote "function o f '  and n is generally 2.5, 
a constant. However, n also has been shown to be a func- 
tion of particle diameter d (9, 10). 


Ahmad and Pilpel(9) studied the static flow properties 
of six different materials. Their mathematical model was 
based on the Brown-Richards equation and contained a 
bulk density term and a particle-shape factor term. They 
reported (9) that one equation could predict the static flow 
of all six materials with an overall accuracy of --f7%. 


Danish and Parrott (10) studied the static flow prop- 
erties of a crystalline solid and a granular material and 
derived separate equations to describe the static flow rate 
of each material. The Brown-Richards equation was the 
basis for the derivations; a true density term was included 
but no particle-shape factor term. They reported a 10% 
variation between experimental and calculated values for 
each of the two models. 


The Brown-Richards equation can be used to describe 
static flow for situations where: (a )  the flow rate decreases 
as the particle size is increased, ( b )  the orifice size is at least 
six times greater than the particle size, ( c )  the granulation 
height is at least two times greater than the orifice diam- 
eter, and ( d )  the ratio of orifice diameter to granulation 
hopper diameter is <0.5. Therefore, it should be possible 
to write an equation in the form of Eq. 1 that can describe 
the static flow data shown in Table 1. Such an equation, 
which describes static flow as a function of orifice size ( P ) ,  


particle diameter (d ) ,  acceleration due to gravity (g ) ,  and 
particle density1 ( p ) ,  has been derived; measurements of 
static flow through the largest orifice were excluded since 
they failed to meet the fourth criterion for applicability of 
the Brown-Richards equation. The derivation approach 
suggested by Danish and Parrott (10) was used (5) and 
resulted in: 


w, =- *PV% (A) I-) 1 (Eq. 2) 4 1.65 + 2.34d 


The flow rates predicted with Eq. 2 were larger than the 
experimentally measured values in eight of 12 cases; the 
average of the differences between calculated and exper- 
imental values (expressed as a percent of experimental 
data) for static flow was +3.5%. 


Dynamic flow rate is not a function of orifice velocity (5) .  
This fact can be concluded from study of Fig. 3 and Eq. 7 
in Ref. 7; values for W2 are calculated from the intercept 
of each line. Thus, each dynamic flow rate is related to the 
orifice size and particle diameter but is independent of the 
orifice velocity. These relationships suggest that dynamic 
flow also can be expressed in the form of the Brown- 
Richards equation. Measurements of dynamic flow 
through the largest orifice were excluded since they ap- 
parently failed to meet the first criteria for applicability 
of the Brown-Richards equation. Previous work indicated 
that, for dynamic flow, if the exponent n is a constant, it 
should have a value of 2.9-3.4. Dynamic flow data, col- 
lected using the four smallest orifice sizes, were used to 
derive: 


w2=- 


The flow rates predicted with Eq. 3 were larger than ex- 
perimentally measured values in eight of 12 cases. The 
average of the differences between calculated and exper- 
imental values (expressed as a percent of experimental 
data) for dynamic flow rates was +1.4%. 


Brown and Richards (11) reported that it is inappro riate to relate static flow 
rate to bulk density of the solid material, because burk density is a combined 
measurement of the true or particle density and the packing characteristics of the 
material. They noted that W, is a function of the voidage at the orifice; this voidage 
is related to the true density of a crystalline material or to the particle density of 
a granular material. Since the particle densities of the three granulation mesh cuts 
are different, it seemed most appropriate to include particle density as the pa- 
rameter in the equations. 
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A second equation for prediction of dynamic flow rates 
was developed, similar in form to Eq. 2 for static flow: 


Again, measurements of dynamic flow through the largest 
orifice were excluded. Now, the exponent n is a function 
of the particle diameter..The flow rates predicted with Eq. 
4 were larger than experimentally measured values in five 
of 12 cases. The average of the differences between calcu- 
lated and experimental values (expressed as a percent of 
experimental data) for dynamic flow rates was -0.4%. 


In Eqs. 2-4, which are based on the Brown-Richards 
equation, the static and dynamic flow rates are expressed 
in terms of orifice diameter, particle diameter, and particle 
density. If static and dynamic flow rates are not dependent 
on any dimensions of the apparatus except the orifice size, 
it should be possible to combine the relationships. Then 
dynamic flow rate can be expressed as a function of static 
flow. If Eqs. 2 and 3 are combined, dynamic flow rates can 
be predicted using: 
w2 - 7rp& [( 1.65 + 2.34d )( 4Ws )(0.2.1-0.038 In d )  


4 2.11 + 0.12 In d 7rp& 


+ ( 0.0009d-1.25 )]3.33 
(Eq. 5) 


If the predicting power of Eq. 5 is good: 
1. There should be the same number of positive and 


negative differences between calculated and experimental 
values (+5 and -7). 


2. The average of the differences (expressed as a percent 
of experimental data) should be close to zero (-1.2%). 


3. The arithmetic mean of the absolute value of these 
differences should be small (6.0%). 


Thus, Eq. 5 appears to be appropriate for predicting 
dynamic flow rates for the granular material studied. 


When Eqs. 2 and 4 are combined, another algebraic 
expression is obtained that describes dynamic flow rate as 
a function of static flow: 


w2=- 


2.11 + 0.12 In d 


7rp& 1.65 + 2.34d (2.79+6.684 


4ws (0.67+1.60d-0.11 In d-0.25d In d )  
0%. 6) 


If the predicting power of Eq. 6 is good: 
1. There should be the same number of positive and 


negative differences between calculated and experimental 
values (+0 and -12). 


2. The average of the differences (expressed as a percent 
of experimental data) should be close to zero (-6.2%). 


3. The arithmetic mean of the absolute value of these 
differences should be small (6.2%). 


Thus, Eq. 6 appears to have fair predicting power for 
dynamic flow rates of the granular materials studied, al- 
though it is somewhat less accurate than Eq. 5. The limited 
amount of data precludes selection of the more appropriate 
general form for an equation to predict dynamic flow rates 
from static flow data. 


The form of Eqs. 2-4 for static and dynamic flow is 
comparable to equations reported by other investigators 
(9,lO). While Eqs. 5 and 6 are more cumbersome, they also 
are of a similar form; the orifice diameter ( P )  was written 
implicitly as a function of the static flow rate (Ws). An 
important observation of Eqs. 5 and 6 is that dynamic flow 


4 1.52 + 4.12d 1 ( 
x -  


( T P d J  


is not first order in static flow ( W,) if the exponents on the 
(4WS/rp&) term are different than unity. In Eq. 5, the 
exponent [(0.24 - 0.038 In d )  (3.33)] is greater than unity 
for all d values of <0.21 cm. Similarly, for Eq. 6, the ex- 
ponent (0.67 + 1.60d - 0.11 In d - 0.25d In d )  has a value 
greater than 1 for all particles sizes ( d )  of <598 cm. 
Therefore, for particle sizes commonly found in tablet 
formulations, both equations predict that the dynamic flow 
is not first order in static flow. In addition, the dynamic 
flow is nonlinear with respect to both preexponential 
terms, which are related indirectly ( i .e . ,  through particle 
density) or directly to the particle diameter. 


The direct applicability of Eqs. 5 and 6 to other granu- 
lations and dynamic flow systems is questionable. How- 
ever, the form of the equations explains why the dynamic 
flow rates are not easily predicted from static flow data. 
The relationships also suggest that static and dynamic flow 
rates are dependent on many of the same measurable pa- 
rameters; these parameters should be considered in the 
development of other mathematical models for dynamic 
flow rates. 
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Mesophase Formation during In  Vitro 
Cholesterol Gallstone Dissolution: A Specific 
Effect of Ursodeoxycholic Acid 
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on gallstone dissolution in uitro 0 Ursodeoxycholic acid-effect on 
cholesterol gallstone dissolution in uitro, compared with chenodeoxy- 
cholic acid 0 Dissolution-cholesterol gallstones, effect of bile acid 


To the Editor: 


Ursodeoxycholate (I), the 7P-epimer of chenodeoxy- 
cholate (II), has been shown to be equal or superior to I1 
when used as oral medication for the dissolution of cho- 
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Abstract 0 A simple isocratic high-performance liquid chromatographic 
procedure for the analysis of iodochlorhydroxyquin in human plasma 
is described. Protein was precipitated using perchloric acid, and the su- 
pernatant and precipitated protein fractions were extracted with ether. 
The ether phases were evaporated to dryness, reconstituted in mobile 
phase, and chromatographed. A reversed-phase microparticulate CIS 
column, a precolumn, and a UV detector a t  256 nm were used. A mobile 
phase containing 80% methanol and 20% 0.05 M phosphoric acid was 
employed a t  a flow rate of 1 ml/min. Quantitation of iodochlorhydroxy- 
quin in the 1-15-pg/ml range in human plasma was demonstrated with 
a coefficient of variance of 0.1-0.06. Hydrocortisone, which is used in 
combination with iodochlorhydroxyquin in ointments and creams, does 
not interfere in the assay. 


Keyphrases 0 Iodochlorhydroxyquin-high-performance liquid 
chromatographic analysis, plasma Anti-infectives-iodochlorhy- 
droxyquin, high-performance liquid chromatographic analysis, plasma 
0 High-performance liquid chromatography-analysis, iodochlorhy- 
droxyquin, plasma 


Iodochlorhydroxyquinl (I) has been widely used as an 
antidiarrheal, antimycotic, and antibacterial agent in many 
countries. 


Tamura e t  al. studied patients with subacute myelo- 
opticoneuropathy and found I chelated with iron as a green 
pigment in the urine and feces and also free I crystals in 
the urine (1). Subacute myelo-opticoneuropathy was 
subsequently shown to be caused by the long-term oral 
treatment and high dosage use of I (1-3). 


BACKGROUND 


Because of the toxicity associated with the oral usage of I, various an- 
alytical procedures have been developed for its determination in hio- 
logical fluids. Electron-capture GLC, which requires expensive instru- 
mentation and tedious and time-consuming derivatization, has been used 
(1,4-8). Tsuji et al. (9) reported a method whereby I was chelated with 
aluminum and measured fluorometrically. A spectrophotometric method 
also was reported for the determination of I and its conjugates in the urine 
(10, l l ) .  The spectrophotometric procedure is not sufficiently sensitive 
for the determination of the drug in plasma or serum. A complicated and 
time-consuming TLC procedure also was reported (12). 


High-performance liquid chromatography (HPLC) has become an 
increasingly popular analytical technique in clinical and forensic laho- 
ratories. A procedure dealing with the separation and analysis of glucu- 
ronide and sulfate conjugates of I in urine using HPLC was reported 
previously (13) but was incapable of assaying for unconjugated I, even 
when present in high concentrations in the urine (13). The drug occurs 
predominantly in the unconjugated form in plasma (3). 


A single oral dose of I of -8 mg/kg in humans produces maximum 
serum levels of 3-6 Fg/ml(8). Little research has been conducted on the 
percutaneous absorption of I. Fischer and Hartvig (14) treated four pa- 
tients with widespread dermatitis of an unstated type with an ointment 
containing 3% I, and serum I levels were estimated by electron-capture 
GLC to be 0.8-1.2 pg/ml. 


This report describes the analysis of therapeutic I concentrations in 
plasma using HPLC. The procedure combines sensitivity, specificity, and 
simplicity not attainable by previously described methods. 


5-Chloro-7-iodo-8-quinolinol; Vioform, Ciba Pharmaceutical. 


EXPERIMENTAL 


Apparatus-An isocratic HPLC system assembled in this laboratory 
consisted of a reciprocating minipump2; a stainless steel tube, 6.35 mm 
(0.25 in.) 0.d. and 4.76 mm (3/16 in.) i.d. X 1 m, as a pulsation damper; a 
34.5-MPa (5000 psi) pressure gauge3; a fixed-volume sample injector4 
with a 2 0 4  loop; and a variable-wavelength UV detector5. A multivoltage 
25.40-cm strip-chart recorder6 was connected to the UV detector. 


A microparticulate reversed-phase chromatographic column, 250 X 
2.6 mm, packed with ODs-HC-SIL-X-17, and a 5 X 40-mm guard column, 
RP-18-MPLC?, were connected to the HPLC system. The following re- 
agents were used: iodochlorhydroxyquin'; ether anhydrous analytical 
reagentg; methanol distilled in glass, residue freelo; concentrated per- 
chloric acid; anhydrous sodium sulfate; and water, which was deionized, 
demineralized, and glass distilled in this laboratory. Iodochlorhydroxy- 
quin (mol. wt. 305.52) decomposed at -170", and no impurities were 
detected by HPLC. 


Standards-Stock solutions of I were prepared in methanol and 
contained 1 mg/ml and 100 Fg/ml. These solutions could be maintained 
in the refrigerator for at least 2 weeks without deterioration. Working 
solutions were prepared fresh daily. Dilutions were made using 80% 
methanol and 20% 0.05 A4 phosphoric acid to prepare the working stan- 
dards, which were used to spike plasma samples and to calculate recovery 
from plasma samples after extraction. 


Extraction-Aliquots of 1.0-ml plasma samples were transferred to 
15-ml screw-capped and polytef-lined centrifuge tubes. Human blood 
bank plasma was used for all studies. Aliquots of I working standard were 
used to spike the plasma samples. After the tubes were shaken by hand 
for 1 min, 100 pl of concentrated perchloric acid was added to each tube; 
then the tubes were vortexed for another 30 sec and centrifuged" a t  5000 
rpm for 10 min at 15'. Approximately 0.5 ml of the supernatant fractions 
were extracted twice with 5 ml of ether in 15-ml glass culture tubes with 
polytef-lined screw caps by vortexing for 10 sec, and the phases were 
separated hy centrifuging for 10 min at 15". 


The protein precipitates were extracted once with 10 ml of ethyl ether 
by vortexing for 1 min and centrifuged as already described. The ether 
extracts were dried over anhydrous sodium sulfateg and evaporated to 
dryness a t  38" under a nitrogen stream12. The residue from each fraction 
was redissolved in 500 ~1 o f  the mobile phase, and 20 p1 of each was in- 
jected onto the column. 


Chromatography-The parameters used throughout this investi- 
gation included a reversed-phase column and precolumn as previously 
described, a 20.~1 injector loop, and the recorder chart speed set a t  0.254 
mm (0.1 in.)/min. A mobile phase containing 80% methanol and 20% 0.05 
M phosphoric acid was used a t  a flow rate of 1 ml/min. The mobile phase 
was filtered using a 0.2-pm filter'3, degassed under vacuum, and main- 
tained a t  40" during chromatography. The UV detector was set a t  256 
nm. The column was flushed a t  the end of each day with 100% methanol. 
Not more than 30 min was required for column equilibration prior to use 
each day. 


Milton Rov model 396-31. 
Laborator; Data Control, Riviera Beach, FL 33404. 
Rheodyne Inc., Berkeley, CA 94710. 
Soectro-Monitor 111. Laboratorv Data Control. Riviera Beach. FL 33404. 
Bkckman Instruments, Palo Alto, CA 94304. 
Serial No. 1303, Perkin-Elmer, Norwalk, CT 06858. 
Manufactured bv Brownlee Laboratories and obtained from Rheodvne Inc.. 


' 


Berkeley, CA 94710. 
51 Mallinckrodt, St. Louis, MO 63147. 


lo Burdick & Jackson Laboratories. Muskeeon. MI 49442. 
Sorvall RC2-B refrigerated centrifuge, DiPont  Co., Newton, CT  06470. 


l2 SC/27R sample concentrator, Brinkmann Instruments, Westbury, NY 


l3 Catalog No. EGWP-04700, Millipore Corp., Bedford, Mass 
11590. 
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Figure 1-Standard iodochlorhy- 
droxyquin solution (2 pglml) dis- 
soloed in the mobile phase. The de- 
tector was set at 256 nm and 0.01 aufs. 
Other chromatographic conditions 1 tr are described under Experimental. 


1 


RESULTS AND DISCUSSION 


Suitable retention of I was obtained when a mobile phase containing 
80% methanol and 20% 0.05 M phosphoric acid was used with the de- 
scribed reversed-phase column. A typical chromatogram of standard I 
in the mobile phase is presented in Fig. 1. The capacity factor (k’) for I 
was 1.14, calculated according to the following: 


where the retention time for I (RtI) was 3.75 min and the elution time of 
unretained compounds or the solvent front determined by injecting 
methanol onto the column (Rto) was 1.75 min. 


Figure 2A is a chromatogram of an extracted plasma supernatant 
fraction without I addition. Figure 2B is a chromatogram of I extracted 
from a spiked plasma sample following protein precipitation using per- 
chloric acid. Direct extraction of plasma by ether without protein pre- 
cipitation resulted in the presence of unknown compounds that interfered 
with I upon chromatography. Preliminary studies revealed that large 
amounts of I were precipitated with the proteins. Therefore, both the 
acidified supernatant and precipitated protein fractions were extracted 
with ether. Extractions of I a t  pH values from 1 to 8 with ether, methylene 
dichloride, and carbon tetrachloride also were conducted. In addition, 
the use of ammonium sulfate as the protein precipitating agent was at- 
tempted, but the extraction efficiency of I was very poor. Ether extraction 
of both the supernatant and precipitated protein fractions following 
perchloric acid addition was most efficient and reproducible. 


The representative chromatograms presented in Figs. 3A and 3B were 
obtained from ether-extracted protein precipitate fractions of human 
plasma (blank) and a plasma sample to  which 5 pg of I/ml had been 


A 


X1 


-2 


B 


0.005 I AU 


Figure 2-The supernatant 
extraction from a plasma 
blank (A) and from plasma 
containing 5 pglml (B). The 
detector was set at 0.05 aufs, 
and other chromatographic 
conditions are as described in 
Fig. 1 .  


1 - 
10 5 0 1 0  5 0 


added, respectively. Two interfering substances were present in ether 
extractions of the precipitated protein fractions. The first of these com- 
pounds ( X I ) ,  which has a retention time close to  I, was present in much 
larger concentrations in the extracts from the precipitated protein frac- 
tion (Fig. 3) as compared to the ether extracts of the supernatant fractions 
(Fig. 2). The second substance ( X 2 )  was extracted from the precipitated 
protein fractions (Fig. 3) but not from the supernatant fractions (Fig. 2) 
and had a retention time of -16 min. 


Table I shows the percent recovery of I following extraction of the su- 
pernatant and precipitated protein fractions, as well as total recovery 
following the addition of 1-15 f ig of I/ml to plasma. Each value represents 
the s e a n  of three determinations with the standard deviation. The 


MINUTES 


A 


X1 


1 


5 


0.005 I AU 


io 1‘5 1.0 5 0 io i 5  1’0 k b 
MINUTES 


Figure 3-Extraction of protein precipitate of a plasma blank (A) and 
of plasma containing 5 pguglml (B). The detector was set at 0.05 aufs, and 
other chromatographic conditions are as described in Fig. 1. 
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Figure 4-Standard curve of iodochlorhydroxyquin. Key: A-A, ex- 
tracted supernatant fraction reconstituted in 500 jd of mobile phase; 
A - - A, extracted precipitate fraction reconstituted in 500 of mobile 
phase; 0-0, mathematical summation of two aforementioned uahes; 
and 0 - - 0, standard solutions diluted in the mobile phase. The peak 
height oalues were conuerted to reflect concentration in 500 f i l  to con- 
form with values of extracted samples. 


coefficient of variance for each sample also is presented. From 28 to 41% 
of the total I added to plasma was recovered from the supernatant frac- 
tion, while 46-54% of I was recovered from the protein fraction. Total 
recovery of I was 77-9190. 


The UV absorbance spectrum of I in the mobile phase exhibited two 
maxima at  256 (a  = 0.15) and 204 (a  = 0.11) nm. For optimum sensitivity, 
the detector was set at  256 nm. Standard solutions of I in the mobile phase 
were prepared a t  1,2,4,6,8,10,12,14, and 16pg/ml, and 20-4 aliquots 
of each were injected. The standard curve for I is presented in Fig. 4. Each 
point on the graph represents the mean, and the bars represent the 
standard deviation of the mean for three injections. Some bars were 
omitted because the very small standard deviations of the mean could 
not be graphically represented. 


The amounts of I extracted from the supernatant and precipitated 
protein fractions of plasma samples spiked with 1.0,2.5,5.0,10.0, and 15.0 
Fg/ml of I are presented in Fig. 4. Concentrations of I higher than 15 
pg/ml of plasma resulted in peak splitting for I upon HPLC. The reason 
for this effect is not known. The total I recovered a t  each concentration 
also is given in Fig. 4. Each point represents the mean, and the bars rep- 
resent the standard deviation of the mean for three extractions. The 
correlation coefficients ( R )  for the standard curve for I, the extracted 
supernatant fraction, the extracted precipitated protein fraction, and 


Table I-Percent Recovery of Iodochlorhydroxyquin from 
Extracted Plasma 


~ ~~ ~ ~ 


Plasma From 
Concen- From Precipitated 
tration, Supernatant Protein 
wdml Fraction Fraction Total 


1 30.0 f 3.0 (0.17) 54.0 f 3.1 (0.09) 84.0 f 6.1 (0.12) 
2.5 30.8 f 2.2 (0.11) 45.9 f 2.1 (0.07) 76.7 f 4.0 (0.08) 
5 28.0 f 1.5 (0.09) 48.9 f 2.2 (0.07) 76.9 f 2.6 (0.06) 


10 35.8 f 3.2 (0.17) 50.4 f 2.0 (0.07) 86.2 f 3.4 (0.07) 
15 41.3 f 2.3 (0.08) 49.5 f 1.3 (0.04) 90.8 f 3.0 (0.061 


a Each value is the mean with the standard deviation for three determinations. 
The values in parentheses are the coefficients of variance. 


the total extracted I were 0.995, 0.978, 0.995, and 0.992, respectively, 
where: 


The slope is: 


1 .  


(Eq. 2) 


(Eq. 3) 


where u is the standard deviation, x is the concentration of I, y is the peak 
height, and N is the number of samples. The y intercept is: 


(Eq. 4) 


The primary current application of I is as a topical antihacterial agent, 
and hydrocortisone is the drug most commonly found in creams and 
ointments in conjunction with I. Under the experimental conditions 
described, hydrocortisone elutes with the solvent front and is therefore 
easily resolved from I. The primary urinary metabolites of I are the glu- 
curonide and sulfate conjugates; with the analytical system employed, 
these two compounds do not chromatograph. 


The HPLC procedure described here provides a rapid and reproducible 
method for determining plasma I concentrations. Previously described 
methods are insufficiently sensitive to detect I in small plasma samples 
(10-12). Chromatography of I by direct ether extract was not possible 
due to interfering compounds. The most accurate and rapid assay for I 
was achieved by extracting the plasma supernatant fraction following 
protein precipitation with perchloric acid. Only a small amount of an 
unknown compound was extracted as compared to the extraction of two 
unknown compounds from the precipitated protein fraction. 
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Abstract The pharmacokinetic linearity 'of two single oral doses of 
desipramine hydrochloride was examined in a parallel study involving 
30 subjects. Fourteen subjects received 75 mg (3 X 25 mg) of desipramine 
hydrochloride, and 16 subjects received 150 mg (1 X 150 mg). An open 
one-compartment model with a lag time to the start of absorption was 
used to examine the pharmacokinetic linearity. The results of the study 
suggest that the kinetics are linear in the dose range studied. 


Keyphrases 0 Desipramine hydrochloride-pharmacokinetic linearity, 
bioavailability, comparison of two tablet dose levels, humans Phar- 
macokinetic linearity-desipramine hydrochloride, humans 0 Tricyclic 
antidepressants-desipramine hydrochloride, pharmacokinetic linearity, 
bioavailability, comparison of two tablet dose levels, humans 


~ 


Tricyclic antidepressants are widely used in the treat- 
ment of depression. Recent studies (1-9) showed a rela- 
tionship between steady-state plasma tricyclic levels and 
therapeutic response. Several investigations (10-14) were 
undertaken to find a means of predicting steady-state 
plasma tricyclic antidepressant concentrations based on 
plasma levels obtained after a single dose, thus avoiding 
time-consuming dosage titration to therapeutic plasma 
levels. These studies indicated that steady-state plasma 
levels can be predicted accurately by the area under the 
plasma concentration curve (AUC) following a single dose 
or by a single plasma level obtained 24,48, or 72 hr after 
dosing. 


This study determined the pharmacokinetic linearity 
of two single doses of desipramine hydrochloride*, pro- 
viding additional evidence that the steady-state predic- 
tions are reasonable. 


1 Norpramin, Merrell Dow Pharmaceuticals. 


EXPERIMENTAL 
Subjecte-Thirty healthy male volunteers were randomized into two 


parallel treatment groups; 14 received 75 mg (three 25-mg tablets) of 
desipramine hydrochloride and 16 received one 150-mg tablet. The 
subjects were 19-40 years of age and 47-78 kg. All subjects were within 
10% of their ideal weight. 


Protocol-Each subject received the prescribed dose at  800 am. A 
15-ml blood sample (vacuum blood-drawing tubes2 containing lithium 
heparin as anticoagulant) was drawn just prior to dosing (time zero) and 
at  0.5,1,2,3,4,6,8,10,12,14,24,36,48, and 72 hr postdosing. No solid 
food was permitted from 800 pm of the preceding day until 1200 noon 
of the dose day, a t  which time a standard lunch was served. A low-fat 
dinner was served at  600 pm; after collection of the 24-hr sample, the 
subject resumed eating ad libitum. A parallel design was employed in- 
stead of a crossover design since the elimination half-life for desipramine 
can be long and variable (15). 


Analytical Method-The separated plasma was kept frozen until it 
was assayed. Desipramine was measured using a GLC-mass spectro- 
metric technique adapted from Pantarotto et al. (16). The method in- 
volved the addition of the internal standard (nortriptyline) and extraction 
of the alkalinized plasma with n-hexane. The extract was reacted with 
acetic anhydride and pyridine without prior evaporation. The acetylated 
extract then was evaporated to dryness, and the residue was dissolved 
in ethanol. An aliquot was injected into the apparatus with selected-ion 
monitoring a t  m/z 305 and 308. 
Calculations-Pharmacokinetic parameters were computed for each 


dosage level corresponding to an open one-compartment model with a 
lag time (17) using: 


where D is the administered oral dose, F is the fraction of the dose ab- 
sorbed, V is the apparent volume of distribution, K,, is the apparent 
first-order absorption rate constant, K ,  is the first-order elimination rate 
constant, L is the lag time to the start of absorption, and t is the time 


2 Kimble-Terumo Venoject tubes. 


0022-3549/81/0900-1079$01.00/0 
@ 198 1, American Pharmaceutical Association 


Journal of Pharmaceutical Sciences I 1079 
Vol. 70, No. 9, September 1981 







. 2 60.  


0 50. + 
i 


a a 
I- 40. 
i 


a 20. z 
4 10. 


a 0 - .  


z 3o 
0 


0 
2 


HOURS L 


Figure 1-Concentration of desipramine in plasma (mean f SE). Key: 
O, desipramine hydrochloride, 3 X 25 mg; and A, desipramine hydro- 
chloride, 150 mg. 


postdosing. These calculations were performed using the computer 
program NONLIN (18). 


The distributions of FIV, K,, K,,  and L for the two dose groups were 
compared statistically by the Mann-Whitney U test (19). The elimination 
half-life, tllz, was calculated as 0.693/Ke. No analysis was performed on 
t 112 since the results would be identical to those reported on K, using this 
statistical method. If the kinetics of the compound are linear in the dose 
range studied, the distributions of FIV, K,, K,, and L are expected to 
be the same for both dose groups. 


The AUC (nanogram hours per milliliter) was calculated using the 
trapezoidal rule. Statistical analysis of the AUC, C,,, (nanograms per 
milliliter), and t,, (hours) data was performed on the logarithms of the 
values using a two-sample t -  test. Homogeneity of variance was verified 
by Cochran’s test (20). The mean AUC and C,,, values for the 150-mg 
group were expressed as a percentage of the 75-mg group mean by taking 
the antilog of the difference in log means. If the kinetics are linear in the 
dose range studied, the expected 150-mg mean would be -200% of the 
75-mg mean for AUC and C,,, but equal to the 75-mg mean for t,,. 


. , . . . . . . , , . . . , . , . . . . . , . -  


RESULTS 


The mean plasma concentrations are displayed for the two dose groups 
in Fig. 1, and the relevant pharmacokinetic data are listed in Table I. 


The lag time estimated for the 75-mg dose ranged from 0 to 0.78 hr, 
while that for the 150-mg dose ranged from 0.39 to 0.77 hr. A statistically 
significant longer lag time for the 150-mg group resulted. However, this 
result probably has no clinical significance since maintenance therapy 
is required with tricyclic antidepressants. 


The apparent K, calculated from this data ranged from 0.210 to 1.733 
hr for 29 of the 30 subjects; the other subject had an estimated apparent 
K, of 13.548. There was no statistically significant difference in the ap- 
parent K, values for the two groups, but the value from the one individual 
resulted in a relatively high mean and standard error for the apparent 
K, of the 75-mg dose. If the value for this subject is deleted, the corre- 
sponding values are 0.69 f 0.13 (mean f SE). 


The half-lives estimated for 28 of the 30 subjects ranged from 9.76 to 
34.65 hr; the other two half-lives were 4.85 and 69.30 hr. There was no 
statistically significant difference in the half-lives between the two groups. 
These half-lives agreed quite well with the previously reported half-lives 
of 17.1 f 5.3 hr (mean f SD, range 12.5-24.7 hr) following a 1-mgkg dose 
of desipramine (29.75 f 4.89 mg,* mean f SD) (11) and of 20.0 f 1.5 hr 
(mean f SD, range 12-30) following a 100-mg dose of desipramine 
(21). 


There were no statistically significant differences among FIV, K, or 
t,,, for the two dose groups. 


The 150-mg dose produced significantly higher mean AUC and Cmax 
values than did the 75-mg dose. The mean AUC for the 150-mg group, 
when expressed as a percentage of the 75-mg mean, was 219% with 95% 


Table I-Pharmacokinetic Parameters (Mean f SE) 


Parameter 75 mg (n  = 14) 150mg (n = 16) 


FIV, ml-I X lo3 0.45 f 0.05 0.47 f 0.04 
K., , hr-‘ 1.61 f 0.93“ 0.50 f 0.06 
K ,  , hr-l 0.040 f 0.004 0.048 f 0.008 
t1& hr 19.7 f 4.0 18.4 f 1.8 
L , h r  0.46 f 0.05 0.62 f 0.03 
AUCC, ng hrlml 771.7 f 87.3 1854.0 f 307.0 
Cmax“, nghr  30.7 f 3.2 60.9 f 5.9 


5.9 f 0.5 6.1 f 0.7 t,,, hr 
a Values are 0.69 f 0.13 when one subject is deleted. * p < 0.02. p < 0.001. 


confidence limits of 151-318%. The corresponding mean ratio for c,, 
was 199% with 95% confidence limits of 156263%. 


These results indicate that the kinetics of desipramine hydrochloride 
are linear in the 75-150-mg range and provide additional evidence that 
the earlier steady-state predictions based on levels after a single dose are 
meaningful. 
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Abstract The aspirin derivatives aspirin phenylalanine and aspirin 
phenyllactic acid were studied as substrates for carboxypeptidase A. The 
phenyllactic acid derivative (an ester) was the best substrate but showed 
considerable product inhibition. The kinetic parameters for both sub- 
strates were in the range expected on the basis of other known substrates. 
The results indicate that the acylamide substituent (drug) has only a 
small effect on the enzyme kinetic parameters. Consequently, carboxy- 
peptidase A may serve as a reconversion site for many drug deriva- 
tives. 


Keyphrases 0 Aspirin-derivatives, hydrolysis by carboxypeptidase 
A Derivatives-aspirin, hydrolysis by carboxypeptidase A Car- 
boxypeptidase A-hydrolysis of aspirin derivatives 0 Physicochemis- 
try-modification strategies based on enzyme substrate specificities, 
carboxypeptidase A hydrolysis of aspirin derivatives 


A rationale for making amino acid derivatives of aspirin 
and their synthesis was reported previously (1). The ki- 
netics of hydrolysis of the derivatives were studied in the 
presence of a-chymotrypsin, and aspirin phenylalanine 
ethyl ester was the most rapidly hydrolyzed substrate (2). 
The amino acid derivatives of aspirin were so designed that 
after the initial cleavage of the terminal ester or amide 
linkage by a-chymotrypsin, carboxypeptidase A would 
hydrolyze the remaining ester or amide linkage to regen- 
erate aspirin in uiuo. This paper reports the results of the 
kinetic studies of aspirin phenylalanine (I) and aspirin 
phenyllactic acid (11) in the presence of carboxypeptidase 
A. 


EXPERIMENTAL 


Materials-Compounds I and I1 were prepared by the methods al- 
ready described (1). Carboxypeptidase A was obtained as a suspension 
of crystals in toluene-water1. Before use, enzyme crystals were washed 
twice with distilled water and dissolved in 3.0 M sodium chloride solution. 
The solutions were centrifuged and stored at 4 O  in concentrations of -30 
mg/ml. Such solutions were reported (3) to have exhibited no change in 
activity over several months. Working solutions were prepared daily by 
diluting the stock solutions to the desired concentrations with 1.0 M 
sodium chloride. Enzyme concentrations were measured by absorbance 
at 278 nm and using a molar absorptivity of 6.49 X lo4 literdmole cm 


For measuring enzyme activity, stock enzyme was diluted to a 10-25 
Fg/ml concentration in 10% lithium chloride immediately before use. The 


(4). 


I I1 


1 Worthington Biochemicals Inc. 


substrate solution was freshly prepared and contained 0.001 M hip- 
puryl-L-phenylalanine, 0.025 M tromethamine, and 0.5 M sodium 
chloride. The spectrophotometer was set a t  254 nm. In the control cell 
were placed 2.9 ml of substrate solution and 0.1 ml of 10% lithium chlo- 
ride; in the test cell, 0.1 ml of enzyme solution was added at zero time to 
2.9 ml of substrate solution. The increase in absorbance was recorded. 
Enzyme activity was calculated using the following: 


AAzsdmin 
uni tshg of protein = (Eq. 1) 


mg of enzyme 
ml of reaction mixture 


0.36 X 


where a unit of activity is defined to be equal to 1 pmole of substrate 
hydrolyzed/min under the specified conditions and 0.36 is the molar 
absorbance index of hippuric acid that is formed stoichiometrically. 


Kinetic Measurements-The hydrolyses of I and I1 were followed 
by automatic titration at constant P H . ~  The method was previously de- 
scribed (2). 


RESULTS AND DISCUSSION 


Aspirin Phenylalanine (1)-The products of carboxypeptidase A- 
catalyzed hydrolysis of I are aspirin and phenylalanine. The pKa of the 
a-amino group of phenylalanine is 9.24; a t  pH 7.5, it is present almost 
completely as NH;. Thus, at pH 7.5, the dissociable proton is consumed 
by the product amino acid, thereby not requiring any external alkali to 
maintain the pH. However, a t  pH 8.5, 18.19% of the phenylalanine is 
present in the nonionized form. Experiments were performed at  pH 8.5 
rather than at pH 7.5, accounting for this factor. 


In these studies, the Michaelis-Menten assumption of SO >> Eo was 


L 
0 


0 4 8 12 


S-', (liter/mole) x 
Figure 1-Lineweauer-Burk plot for the hydrolysis of I catalyzed by 
1.0 X M carbonypeptidase A at pH 8.5. 


2 Using a Radiometer TTI-60 fitrator in conjunction with type SBR-3 titri- 
graph. 
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Table I-Kinetic Parameters for Carboxypeptidase Hydrolysis at pH 7.5 


Substrate K,, molebiter kcat, sec-I Ki, mole/liter +, moles/sec/liter 
K m  


Cinnamoyl 6 X 2.1 x 10-2 - 35 


Aspirin phenylalanine* (I) 1.3 x 10-4 8.47 x 10-2 - 445 
Cinnamoyl phenyllactic 1.87 X 67 5.78 x 10-5 3.58 x 105 


Furylacryloyl phenyllactic 1.32 x 10-4 47 - 3.56 x 105 


Aspirin phenyllactic acid 1 x 10-4 25 4 x 10-6 2.5 x 105 


phenylalanine" 


inea 
Indoleacryloylphenylalan- 5.84 x 10-4 1.4 x 10-3 - 2.39 


acid 


acid 


(11) 
Taken from Ref. 3. * Performed at pH 8.5. 


not adhered to. A Lineweaver-Burk plot (Fig. 1) was used to obtain V,, 
which was then used in the Dixon plot (Fig. 2) to obtain K,. The K ,  
value obtained from the Dixon plot was slightly lower than that obtained 
from the Lineweaver-Burk plot. The K ,  value for I shown in Table I was 
obtained from the Dixon plot. 


32 - 


* 
24 - 


0 8 16 24 32 40 48 56 64 
SOX 10'M 


Figure 2-Dixon plot for determining K, for the hydrolysis of I by 1.0 
X M carboxypeptidase A at pH 8.5. 


NaOH 1 = 9.9 x M 


J ' . I3 


2 4 6 8 1 0  - 
MINUTES 


Figure 3-Plot of volume of sodium hydroxide consumed versus time 
for the hydrolysis of II by 2.45 X M carboxypeptidase A at pH 
7.5. 


Figure 4-Plot of integrated Michaelis-Menten equation for compet- 
itive product inhibition for the hydrolysis of II by 2.45 X M car- 
boxypeptidase A at pH 7.5. 


Figure 5-Plot to obtain K, and Ki from integrated Michaelis-Menten 
equation. 
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Figure 6-Lineweaoer-Burk plot for the hydrolysis of II by 2.45 X 10-lo 
M carboxypeptidase A at p H  7.5. 


Aspirin Phenyllactic Acid (11)-The results of six runs measuring 
the hydrolysis rates of I1 at  six different concentrations catalyzed by 
carboxypeptidase A at pH 7.5 are illustrated in Fig. 3. The points shown 
were taken from the continuous record of the titrator for calculation 
purposes. The curves of this plot do not seem to follow a simple kinetic 
order, and the sharp decrease of hydrolysis rates with time suggests that 
product inhibition of the enzyme plays an important role. Significant 
product inhibition of carboxypeptidase A was reported (5,6). 


The scheme that fits the kinetics of the carboxypeptidase A-catalyzed 
hydrolysis of I1 is shown in Scheme I ( E  is carboxypeptidase A, S is 11, 
P I  is aspirin, and Pp is L-phenyllactic acid). The L-phenyllactic acid (Pz)  
produced during hydrolysis acts as a competitive inhibitor. 


E + S ~ E S ~ E  + p1 + P~ 


E + P ~ & E P ~  


kz 


k-, 


Scheme I 


The corresponding integrated Michaelis-Menten equation is: 


where: 


Table 11-Kinetic Parameters for Carboxypeptidase A 
Hydrolysis of I1 


Calculated by Calculated by 
Kinetic Lineweaver-Burk Integrated Michaelis- 


Parameter Method Menten Equation 


K,, mole/liter 8.74 x 10-5 1 x 10-4 
K,, molehiter - 4 x 10-6 
V,.,, molehiter 8.55 x 10-9 6 X 
k,.-+. sec-I 35 25 


The integrated Michaelis-Menten equation for competitive product 
inhibition applies satisfactorily to the kinetic data obtained at pH 7.5 
for 11. This finding is illustrated by Fig. 4 in which (IS10 - [S]) / t  is plotted 
versus l l t  ln([S]o/[S]). The linearity of the plots obtained is consistent 
with the proposed competitive product inhibition since the lines would 
curve for other types of product inhibition. 


The intercept of the ordinate of Fig. 4 is a function of V,,,, K,, and 
Ki ,  and the slopes of the straight lines, a ,  are related to K,, Ki, and [S]O 
by: 


(Eq. 3) 


Thus, to separate the various kinetic parameters, Fig. 5 plots the values 
of [S]o uersus the respective slopes, a ,  from Fig. 4. The intercept along 
the [S]O axis is -Ki; hence, K ,  and V,,, can be calculated. The Ki value 
was considerably smaller than K, ,  indicating strong competitive inhi- 
bition by the product, L-phenyllactic acid. 


As a check on the applicability of the integrated Michaelis-Menten 
equation and the computed kinetic constants, K ,  and V,,, also were 
determined by the Lineweaver-Burk procedure. Figure 6 shows that the 
double reciprocal plot of the kinetic results is linear. The agreement be- 
tween kinetic parameters calculated by the two procedures at pH 7.5 is 
good (Table 11). 


An overall summary of the carboxypeptidase A-catalyzed hydrolysis 
is given in Table I along with some results obtained from the literature 
for comparison purposes. Compound I1 was a better substrate than the 
corresponding phenylalanine derivative. The values of kCaJK, obtained 
were comparable to those of the substrates reported previously, indicating 
that the reconversion rate was in the expected range and that the acyla- 
mide drug moiety had only a small effect on enzyme kinetics. 
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A second equation for prediction of dynamic flow rates 
was developed, similar in form to Eq. 2 for static flow: 


Again, measurements of dynamic flow through the largest 
orifice were excluded. Now, the exponent n is a function 
of the particle diameter..The flow rates predicted with Eq. 
4 were larger than experimentally measured values in five 
of 12 cases. The average of the differences between calcu- 
lated and experimental values (expressed as a percent of 
experimental data) for dynamic flow rates was -0.4%. 


In Eqs. 2-4, which are based on the Brown-Richards 
equation, the static and dynamic flow rates are expressed 
in terms of orifice diameter, particle diameter, and particle 
density. If static and dynamic flow rates are not dependent 
on any dimensions of the apparatus except the orifice size, 
it should be possible to combine the relationships. Then 
dynamic flow rate can be expressed as a function of static 
flow. If Eqs. 2 and 3 are combined, dynamic flow rates can 
be predicted using: 
w2 - 7rp& [( 1.65 + 2.34d )( 4Ws )(0.2.1-0.038 In d )  


4 2.11 + 0.12 In d 7rp& 


+ ( 0.0009d-1.25 )]3.33 
(Eq. 5) 


If the predicting power of Eq. 5 is good: 
1. There should be the same number of positive and 


negative differences between calculated and experimental 
values (+5 and -7). 


2. The average of the differences (expressed as a percent 
of experimental data) should be close to zero (-1.2%). 


3. The arithmetic mean of the absolute value of these 
differences should be small (6.0%). 


Thus, Eq. 5 appears to be appropriate for predicting 
dynamic flow rates for the granular material studied. 


When Eqs. 2 and 4 are combined, another algebraic 
expression is obtained that describes dynamic flow rate as 
a function of static flow: 


w2=- 


2.11 + 0.12 In d 


7rp& 1.65 + 2.34d (2.79+6.684 


4ws (0.67+1.60d-0.11 In d-0.25d In d )  
0%. 6) 


If the predicting power of Eq. 6 is good: 
1. There should be the same number of positive and 


negative differences between calculated and experimental 
values (+0 and -12). 


2. The average of the differences (expressed as a percent 
of experimental data) should be close to zero (-6.2%). 


3. The arithmetic mean of the absolute value of these 
differences should be small (6.2%). 


Thus, Eq. 6 appears to have fair predicting power for 
dynamic flow rates of the granular materials studied, al- 
though it is somewhat less accurate than Eq. 5. The limited 
amount of data precludes selection of the more appropriate 
general form for an equation to predict dynamic flow rates 
from static flow data. 


The form of Eqs. 2-4 for static and dynamic flow is 
comparable to equations reported by other investigators 
(9,lO). While Eqs. 5 and 6 are more cumbersome, they also 
are of a similar form; the orifice diameter ( P )  was written 
implicitly as a function of the static flow rate (Ws). An 
important observation of Eqs. 5 and 6 is that dynamic flow 


4 1.52 + 4.12d 1 ( 
x -  


( T P d J  


is not first order in static flow ( W,) if the exponents on the 
(4WS/rp&) term are different than unity. In Eq. 5, the 
exponent [(0.24 - 0.038 In d )  (3.33)] is greater than unity 
for all d values of <0.21 cm. Similarly, for Eq. 6, the ex- 
ponent (0.67 + 1.60d - 0.11 In d - 0.25d In d )  has a value 
greater than 1 for all particles sizes ( d )  of <598 cm. 
Therefore, for particle sizes commonly found in tablet 
formulations, both equations predict that the dynamic flow 
is not first order in static flow. In addition, the dynamic 
flow is nonlinear with respect to both preexponential 
terms, which are related indirectly ( i .e . ,  through particle 
density) or directly to the particle diameter. 


The direct applicability of Eqs. 5 and 6 to other granu- 
lations and dynamic flow systems is questionable. How- 
ever, the form of the equations explains why the dynamic 
flow rates are not easily predicted from static flow data. 
The relationships also suggest that static and dynamic flow 
rates are dependent on many of the same measurable pa- 
rameters; these parameters should be considered in the 
development of other mathematical models for dynamic 
flow rates. 
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Mesophase Formation during In  Vitro 
Cholesterol Gallstone Dissolution: A Specific 
Effect of Ursodeoxycholic Acid 


Keyphrases 0 Cholesterol-gallstones, mesophase formation during 
in uitro gallstone dissolution 0 Gallstones, cholesterol-effect of bile acid 
on gallstone dissolution in uitro 0 Ursodeoxycholic acid-effect on 
cholesterol gallstone dissolution in uitro, compared with chenodeoxy- 
cholic acid 0 Dissolution-cholesterol gallstones, effect of bile acid 


To the Editor: 


Ursodeoxycholate (I), the 7P-epimer of chenodeoxy- 
cholate (II), has been shown to be equal or superior to I1 
when used as oral medication for the dissolution of cho- 
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lesterol gallstones (1-4). The clinical efficacy of I is curious 
since in uitro it is a relatively poor solubilizer of cholesterol, 
either alone or as mixed bile acid-lecithin micelles (5- 
8). 


The contradiction between the poor solubilization of 
cholesterol monohydrate by I in uitro and yet its successful 
use for the dissolution of human gallstones in uiuo led us 
to investigate the dissolution behavior of cholesterol 
monohydrate in media containing I conjugates (9,lO). The 
data showed that initial dissolution rates of cholesterol 
monohydrate in powder and pellet forms were always lower 
in lecithin-ursodeoxycholylglycine (111) solutions than in 
the corresponding lecithin-chenodeoxycholylglycine (IV) 
solutions. This finding is in agreement with previous in- 
vestigations (5-8). However, in these experiments, cho- 
lesterol release into the lecithin-111-containing medium 
continued far beyond the apparent equilibrium solubility 
in the isotropic phase by formation of a turbid, liquid 
crystalline phase (mesophase). 


These experiments were extended to determine whether 
such mesophase formation might occur during the in uitro 
dissolution of cholesterol gallstones. 


Gallstones were obtained at  surgery from two patients. 
The first group of stones (Fig. 1A) was removed from the 
gallbladder of a patient 40 years old, and the second group 
(Fig. 1B) was obtained from a patient 85 years old with a 
typical history of recurrent biliary colic. All stones were 
washed and kept moist in water until the dissolution 
studies were begun. Preoperative oral cholecystograms 
revealed radiolucent stones, and chemical analyses of both 
groups of stones showed the cholesterol contents to be close 
to 100%. 


A single stone was placed in a test tube containing either 
2 or 2.5 ml of solution. The tubes were shaken at  3 7 O ,  and 
samples were taken at suitable time intervals. Cholesterol 
was assayed enzymatically1, and an organic phosphate 
assay (11) was employed for lecithin. 


Figure 1A shows the dissolution behavior of two stones, 
removed from the same patient, in lecithin-I11 medium. 
The dotted line shows the apparent equilibrium solubility 
of cholesterol monohydrate from pellet studies2 in the 
corresponding medium. The arrows in Fig. 1 show the 
beginning of turbidity in the media. Microscope observa- 
tions under cross-polarized light of a sample of the turbid 
medium revealed liquid crystals. In one experiment, the 
entire solution was replaced by 2.0 ml of fresh medium on 
the 10th day, and mesophase formation was observed to 
continue perhaps even at a higher rate. In these experi- 
ments, the total amount of cholesterol released far ex- 
ceeded the thermodynamic micellar saturation value for 
cholesterol monohydrate. 


Figure 1B shows data for the dissolution behavior of 
cholesterol gallstones from another patient; the difference 
in behavior for stone dissolution in I11 and IV solutions is 
clearly illustrated. For IV, the initial micellar dissolution 
rate was relatively rapid and the curves leveled off close 
to the apparent solubility value for cholesterol monohy- 
dratez. In contrast, the stone dissolution in I11 initially 
proceeded much more slowly (as in Fig. lA) ,  and the dis- 
solution curve did not level off at the apparent solubility 


Bio-Dynamics, Indianapolis, Ind. 
2 Manuscript in preparation. 


DAYS 


Figure 1-Effect of bile acid type on cholesterol gallstone dissolution 
in  32 mM lecithin, 0.1 M NaC1, and 0.01 Mphosphate buffer at p H  7.4 
and 37'. Key: A, 126-mgstone in2mlofsolutioncontaining87mMIII; 
Q, 172-mg stone in  2 ml of solution containing87mM III (old medium 
was replaced by fresh medium on the 10th day); 0,873-mg stone in 2.5 
ml of solution containing 87 mM III;  X, 891-mg stone in 2.5 ml of solu- 
tion containing 87 mM IV; 0, 910-mg stone in 2.5 ml of solution con- 
taining 87mM IV; and @, 873-mg stone in 2.5 ml of solution containing 
87 mM III (after centrifugation of the supernate). 


but proceeded to much higher values. In I11 solution, the 
beginning of turbidity was observed after about 3 days (see 
arrows), but cholesterol released from the stone continued 
far beyond the apparent solubility value. As in Fig. lA, the 
polarizing microscope examination of the mesophase 
(which separates to the top of the isotropic solution after 
centrifugation) showed liquid crystal properties. Solid 
circles in Fig. 1B show the supernatant (isotropic phase) 
cholesterol levels after centrifugation (8000Xg for 10 
min). 


Table I shows that the lecithin levels in the experiments 
involving IV remained relatively constant with and without 
centrifugation. In the experiments with 111, the lecithin 
levels in the supernate (isotropic phase) obtained after 
centrifugation decreased greatly with time. Calculations 
based on the lecithin data in Table I and the cholesterol 
data in Fig. 1B showed that the separated phase(s) pos- 
sessed an average cholesterol to lecithin ratio of 1:l to 3:l. 
In addition, the cholesterol level obtained for the supernate 
(isotropic phase) after centrifugation was somewhat lower 
than the value corresponding to the dotted line in Fig. 1A. 
This finding is consistent with observed lecithin depletion 
from the media during mesophase formation. 


Other gallstones, which are under investigation in these 


Table I-Data Showing Lecithin Concentration (Millimolar) 
Changes during In Vitroa Cholesterol Gallstone Dissolution in 
Solutions Containing I11 


Lecithin-IV Lecithin-IV Lecithin-I11 
Days Beforeb After Before After Before After 


0 32.0 32.0 32.0 32.0 32.0 32.0 
3.1 33.3 33.2 28.3 29.8 25.2 22.0 
7.0 32.6 29.4 27.6 30.6 25.0 12.6 


22.5 32.8 29.8 27.0 27.4 25.2 11.8 
32.7 31.0 31.5 28.1 31.0 25.2 12.0 


a Changes in cholesterol concentration are shown in Fig. 1. The initial concen- 
tration of lecithin was 32 mM; the concentrations of IV and 111 were 87 mM. * The 
concentration of lecithin before centrifugation denotes lecithin in both the meso- 
morphic and isotropic phases; after centrifugation, the lecithin concentration refers 
to the isotropic phase because the mesophase has risen to the top of the tube. 
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laboratories, also show that the cholesterol release in media 
containing I11 and lecithin may follow the pattern de- 
scribed in Scheme I. 


cholesterol. H,O __ cholesterol in 
crvstal mixed micelles 


mesophase 


Scheme I 


The process effectively represents a substantial mass 
transfer rate of cholesterol from the gallstone into the 
medium. Although this process is significantly slower than 
the micellar dissolution rate of a cholesterol gallstone in 
a lecithin-IV solution, after some time (several days in 
these experiments) the extent of dissolution and disinte- 
gration by this process may be greater. 


These studies imply that the phase equilibria in III- 
lecithin-cholesterol-water differ from that in IV-leci- 
thin-cholesterol-water. Conjugates of ursodeoxycholic 
acid apparently have a much weaker tendency to disperse 
mixed lecithin-cholesterol bilayers than those of cheno- 
deoxycholic acid. The data do not answer directly the 
question of whether mesophase formation may occur 
during gallstone dissolution induced by ursodeoxycholate 
in humans since biliary bile acids become only moderately 
enriched in ursodeoxycholic acid (60-70%) during con- 
tinuous ursodeoxycholate administration; therefore, fur- 
ther studies are needed. Mesophase formation during 
gallstone induction does occur in the cholesterol-fed prairie 
dog (12) whose bile contains predominantly cholate con- 
jugates, and mesophases were reported to occur in some 
samples of human bile (13,14). 
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REVIEWS 


Pharmaceutical Calculations, 7th Ed. By MITCHELL J. STOKLOSA 
and HOWARD C. ANSEL. Lea & Febiger, 600 Washington Square, 
Philadelphia, PA 19106.385 pp. 15 X 23 cm. Price $15.00. 
The seventh edition is in the same format as earlier ones but contains 


an expanded chapter on dosage calculations and additional chapters on 
interpreting the prescription and calculations involving parenteral ad- 
mixtures. The material from the “Chemical Problems” chapter in the 
6th edition is found in the appendix of the new edition. Many new prac- 
tice problems have been added to appropriate chapters. 


The addition of a new chapter, “Interpretation of the Prescription or 
Medication Order,” is very good. The interpretation presented is aimed 
specifically a t  helping the student solve problems presented in the pre- 
scription, medication order, or formula and does not duplicate infor- 


mation given in other chapters, as one might expect. The subject matter 
is presented in a direct manner with enough examples to be easily un- 
derstood. 


Additions to the “Calculation of Doses” chapter include an expansion 
of the surface area method with the two DuBois and DuBois nomograms 
for finding body surface areas for children and adults. This is a consid- 
erable improvement over the 6th edition which contained a table of body 
weights and surface areas. Unfortunately, the reference to the use of this 
method (Harry Shirkey) uses the West nomogram, which gives results 
different from that of DuBois. Perhaps an expanded discussion could 
cover this point in the next edition. 


The inclusion of calculations involving lean body mass, loading dose, 
maintenance dose, and the use of creatinine clearance rate is an excellent 
choice of subject to update the book. The explanations and examples are 
all clear and precise except for the calculation and use of creatinine 
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Influence of Serum Albumins on Decomposition Rates of 
para- Substituted I-Phenyl-3-methyltriazenes and 
5- (  3-Methyl-l-triazeno)imidazole-4-carboxamide in 
Near Physiological Conditions 
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Abstract The influence of human serum albumin on the decomposi- 
tion rates of some arylmonomethyltriazenes in buffered aqueous solution 
was investigated. From the experimental data, a model for the tri- 
azene-albumin interaction was derived, and the thermodynamic pa- 
rameters were systematically calculated by two independent methods. 
The results show marked dependence of the energetics of binding on the 
substituent in the triazene aromatic ring. For most of the triazenes 
studied, the binding with albumin was mainly enthalpy driven. Mea- 
surements also were performed using bovine and murine serum albu- 
mins. 


Keyphrases Arylmonomethyltriazenes-decomposition rates, effect 
of human serum albumin 0 Serum albumin, human-effect on decom- 
position rates of arylmonomethyltriazenes Binding kinetics-tri- 
azene-albumin interaction, decomposition rates Antitumor agents- 
arylmonomethyltriazenes, effect of human serum albumin on decom- 
position rates 


Aryldimethyltriazenes are a class of compounds pos- 
sessing antitumor (1-4), carcinogenic (5-7), and mutagenic 
(8-10) activities. Evidence exists that metabolites of these 
triazenes are responsible for their in vivo effects. Mo- 
nomethyltriazenes, produced by oxidative N-demethyl- 
ation of the parent dimethyl compounds, are considered 
as possible metabolic species active at a systemic level (2, 
11, 12) since they can alkylate cellular components by 
hydrolysis (13). Arylmonomethyltriazenes decompose in 
aqueous solution buffered at  near neutral pH values to the 
corresponding anilines, nitrogen, and carbon cation de- 
rivatives with pseudo-first-order kinetics (14). 


Since the possibility of interaction between these drugs 
and serum components exists, the influence of serum al- 
bumins on the decomposition rates of some para -substi- 
tuted l-phenyl-3-methyltriazenes, 1-(2,4,6-trichloro)- 
phenyl-3-methyltriazene, and 5- (3-methyl- 1 - triazeno) - 
imidazole-4-carboxamide was studied. The last compound 


I-x XI 


CONH, 


H 
XI1 


is possibly a metabolite of 5-(3,3-dimethyl-l-triazeno)- 
imidazole-4-carboxamide (NSC 45388), used in the treat- 
ment of malignant melanoma. Decomposition kinetic 
studies of these triazenes also were performed in the ab- 
sence of serum albumins, because the reported data show 
a marked dependence of the decomposition rates of aryl- 
monomethyltriazenes on the medium (15) and because 
accurate data in near physiological conditions are 
lacking. 


Human serum albumin was systematically employed. 
Bovine and mouse serum albumins also were used for 
comparison and, in the latter case, to allow correlations 
between the present results and possible in. uiuo experi- 
ments. 


EXPERIMENTAL 


Chemistry-The monomethyltriazenes (Table I) were synthesized 
by standard methods, i . e . ,  by coupling aryldiazonium chloride to two 
equivalents of methylamine in the presence of excess base, usually sodium 
carbonate. The coupling reactions, with the exceptions of VII and XI, 
were performed in the presence of large volumes of ether to extract the 
reaction products. To obtain very pure samples of I-VI and VIII, careful 
sublimation of small amounts of the raw materials, below their melting 
points, at -0.2 torr was necessary. A chilling bath of dry ice-acetone was 
used to recover the recrystallized products; VII was purified by extracting 
the dried raw material with boiling ethyl acetate. 


Purity of the monomethyltriazenes and the aromatic amines used as 
reference compounds was checked by NMR spectroscopy, elemental 
analysis, and TLC. Aluminum oxide and methanol-ethyl acetate-ligroin 
(3:2:1) or ethyl acetate-hexane (1:l) were used for TLC of monometh- 
yltriazenes. The melting points were determined in open glass capillaries 
in a Buchi apparatus and were in accordance with the literature values. 
The references for the melting points are listed in Table I. 


The solvents used for crystallizations were petroleum ether (bp 30-50’) 
for I, n-hexane for 11-VI, ethyl acetate for VII, methanol for VIII, and 
benzene for IX. 


Materials-The solvents used for TLC and crystallizations, as well 
as potassium dihydrogen o-phosphate and potassium hydroxide used 
in the preparation of buffer solutions, were reagent grade. 


Serum albumins were crystallized and lyophilized human albumin, 
crystallized and lyophilized bovine serum albumin, mouse serum albumin 
fraction V powder, and crystallized and lyophilized egg albumin. 


All serum albumins were used without further purification. Human 
and bovine serum albumin concentrations were determined spectro- 
photometrically using = 5.3 and 6.6, respectively (22). Murine serum 
and egg albumin concentrations were determined by accurately weighing 
dried samples. Freshly prepared albumin, triazene, and buffer solutions 
were used. 


Methods-All kinetic measurements were performed in 0.065 M 
phosphate buffer prepared using fresh, double-distilled water, specific 
conductivity 1.0 X 10P R-*/cm, adjusted to pH 7.40 at 25‘ by the addi- 
tion of potassium hydroxide. The temperature dependence of pH of 
phosphate buffer solutions between 20 and 45’ resulted in 2 X pH 
unit per degree. This temperature dependence was taken into account; 
i .e.,  all results of the kinetic measurements performed at  different tem- 
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Table I-Kinetic Data of the Pseudo-First-Order Decomposition 
of Monomethsltriazenes in Buffered Aaueous Solution a 


Melting-Point k X lo3, 
Compound R Reference T ,  OK pH sec-l 


H 17 


CH3 18 


111 F 


IV CI 


V Br 


16 


19 


16 


VI I 


VII 


VIII 


19 


CONHp 20 


COOCH3 19 


IX S02CH3 


X NO2 


XI6 


XI1 


2 


20 


21 


294.9 
301.2 
310.8 
318.6 
293.5 
303.0 
310.2 
310.2 
310.2 
310.2 
310.2 
310.7 
318.7 
296.2 
299.7 
304.2 
310.0 
311.1 
314.8 
295.2 
303.2 
310.2 
318.3 
296.7 
303.2 
310.2 
310.2 
310.2 
310.2 
3 10.2 
316.2 
296.1 
302.3 
308.8 
313.7 
314.5 
294.2 
303.2 
310.0 
317.9 
294.2 
296.9 
302.2 
304.2 
310.2 
311.1 
315.4 
318.2 
302.9 
310.2 
310.2 
310.2 
310.2 
318.2 
294.2 
295.3 
295.3 
295.3 
302.2 
303.9 
303.9 
303.9 
303.9 
303.9 
310.2 
310.2 
310.2 
310.2 
310.2 
318.2 
296.7 
298.2 
302.7 
307.4 
312.4 
314.3 
293.7 
302.2 
310.2 


7.405 
7.391 
7.371 
7.354 
7.408 
7.388 
6.965 
7.179 
7.372 
7.711 
7.984 
7.371 
7.354 
7.402 
7.395 
7.385 
7.372 
7.370 
7.362 
7.405 
7.387 
7.372 
7.354 
7.401 
7.387 
6.965 
7.192 
7.372 
7.711 
7.984 
7.359 
7.403 
7.389 
7.375 
7.364 
7.363 
7.407 
7.387 
7.372 
7.355 
7.407 
7.401 
7.389 
7.385 
7.372 
7.370 
7.361 
7.355 
7.388 
6.965 
7.192 
7.372 
7.711 
7.355 
7.407 
7.007 
7.369 
7.917 
7.389 
6.986 
7.160 
7.348 
7.692 
7.896 
6.965 
7.192 
7.372 
7.711 
7.984 
7.355 
7.401 
7.398 
7.388 
7.378 
7.367 
7.363 
7.408 
7.389 
6.965 
7.192 


4.78 
6.80 


11.3 
16.6 


13.1 
49.8 
32.5 
18.0 


7.76 


9.50 
4.92 


20.2 
28.6 
3.33 
4.03 
5.47 
7.61 
8.68 


11.05 
1.71 
2.79 
4.27 
6.62 
1.55 
2.39 
9.67 
6.00 
3.63 
1.80 
0.878 
5.36 
1.57 
2.32 
3.32 
4.41 
4.64 
0.496 
0.965 
1.53 
2.48 
0.383 
0.439 
0.692 
0.742 
1.11 
1.23 
1.65 
1.70 
0.318 
1.18 
0.824 
0.601 
0.351 
1.26 
0.272 
0.468 
0.319 
0.241 
0.666 
1.18 
1.07 
0.879 
0.711 
0.715 
2.42 
1.98 
1.73 
1.69 
1.38 
3.50 


11.7 
13.6 
23.4 
36.8 
55.0 
74.5 
0.775 
2.31 
6.11 
5.89 


Table I-Continued 


Melting-Point k X lo3, 
Compound R Reference T, OK pH sec-' 


XI1 (Cont.) 310.2 7.377 5.59 
310.2 7.984 5.36 
318.2 7.355 14.2 


Phosphate buffer, 0.065 M, ionic strength, 0.15 M .  * This compound was a gift 
of Dr. G. F. Kolar, Institute for Toxicology and Chemotherapy, German Cancer 
Research Center, Heidelberg, West Germany. 


peratures and pH values were interpolated a t  the common value of pH 
7.40, using kinetic data determined as a function of pH between 7 and 
8 for each triazene. 


The decomposition reactions were followed spectrophotometrically 
a t  a fixed wavelength in the 310-350-nm range chosen to permit maxi- 
mum variation of absorbance and minimum interference with the spec- 
trum of the decomposition products. In each case, the spectrum a t  the 
end of the reaction was coincident with that of the corresponding ani- 
line. 


M )  of monomethyltriazene in 
absolute ethanol was added to a known volume of aqueous phosphate 
buffer, in a quartz cell thermostated at  f0.05', so that the ethanol-buffer 
volume ratio was 1:lOO in all cases. The solution was stirred rapidly, and 
the absorbance was recorded as a function of time. The logarithm of the 
difference between the absorbance a t  time t and at the final time was 
plotted uersus t ;  from the straight line so obtained, the pseudo-first-order 
kinetic constant was calculated using the least-squares method. 


At the wavelength used, serum albumins gave rise to very low scat- 
tering, which was constant with time and did not invalidate the mea- 
surements. 


The treatment of experimental data was the same both in the absence 
and presence of albumin, even if the values of the molar absorptivities 
of free and bound triazene species ( C F  and C B ,  respectively) might be 
different. This event does not invalidate the assumption of proportion- 
ality between the normalized optical density and the total triazene con- 
centration during the kinetic measurements. An excess of C p  (protein 
concentration) with respect to CB (bound triazene concentration) ensures 
near proportionality between CB and CF (free triazene concentration) 
and, therefore, between the optical density and C T  (total triazene con- 
centration): 


optical density = CBCB + CFCF (Eq. 1) 


A freshly prepared solution (-4 X 


and by use of Eqs. 5 and 6, it follows that: 


optical density cx ( K & p t ~  + C F ) C T  = constant CT (Eq. 2) 


The possibility that the aniline produced by the decomposition reaction 
interferes with the triazene binding sites (e .g . ,  by competition) was tested. 
Some sequential kinetic measurements, performed in the same protein 
solution that allowed the aniline concentration to rise, gave constant 
half-lives, indicating that the effect of the aniline in this respect is neg- 
ligible. 


Linearization of data, when necessary, was performed by a comput- 
erized least-squares procedure. 


4- 


5 -  
c 
C 


T 
6 -  


7 -  


I t 
3.2 3.3 3.4 3.1 3.2 3.3 3.4 


T-I x 1 0 3 ,  K 
Figure 1-Arrhenius plots for the rnonornethyltriazenes studied. 
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Table 11-Kinetic Data of the Pseudo-First-Order Decomposition of Monomethyltriazenes 


E', kJ X 
Compound sec-l sec In A b  mole-' b M sec-1 sec In A' * mole-' b 


k X lo3, t1/2r E, kJ X C p  X 104, k' X lo3, t ; / z ,  


I 10.2 68 9.8 f 0.1 37.0 f 0.1 1.05 8.6 81 12.2 f 0.4 43.8 f 1.1 
TI 17.7 39 10.0 * 0.4 36.2 * 1.1 1.20 11.5 60 13.1 f 0.6 45.4 f 1.6 _ _  _. 


111 7.56 92 i2.9 I o . 4  45.9 I 1.1 0.98 6.36 109 13.2 f 0.8 47.2 f 2.1 
IV 3.96 175 10.7 f 0.1 41.9 f 0.3 1.03 1.88 368 14.0 f 0.3 52.4 f 0.9 
v 3.46 200 11.9 f 0.2 45.3 f 0.5 1.15 1.33 520 16.1 f 1.8 58.9 f 4.6 


VI 3.40 204 10.3 f 0.1 41.3 f 0.4 1.00 0.99 698 19.1 f 1.0 67.5 f 2.5 
VII 1.43 485 12.3 f 0.2 48.7 f 0.5 0.89 1.38 503 13.1 f 0.1 50.6 f 0.1 


12.5 f 0.4 49.8 f 0.8 1.05 0.81 853 17.8 f 0.2 64.1 f 0.5 
IX 0.589 1177 19.4 f 0.6 69.3 f 2.2 
X 1.58 439 25.6 f 0.7 82.7 f 1.8 0.97 0.72 967 30.1 f 2.0 96.6 f 5.0 


47.6 15 27.6 f 0.7 79.0 f 1.7 1.00 11.6 60 17.7 f 0.9 56.6 f 2.3 XI 


- - - - - 
VIII 1.09 636 


- - XI1 5.67 122 30.0 f 0.6 90.8 f 1.5 1.00 5.29 131 
~~ ~ ~ 


The values of k, t l l z ,  k', and refer to 37O and pH 7.40. The prime denotes the presence of human serum albumin; Cp is the molar concentration of the protein. 
b Average f SD. 


RESULTS AND DISCUSSION 


The kinetic law of decomposition of the monomethyltriazenes studied, 
carried out a t  various temperatures in pH 7.4 phosphate buffer (ionic 
strength 0.15 M), proved to be pseudo-first order with respect to the 
triazene concentration in all cases (Table I). Corrections for the slight 
temperature effect on pH and, therefore, on k were performed (see Ex- 
perimental). 


The Arrhenius plots of the kinetic data interpolated at  pH 7.40 for all 
of the triazenes studied were fairly linear in the temperature range in- 
vestigated (Fig. 1). By application of the empirical Arrhenius equation, 
k = A exp(-E/RT), to these kinetic measurements, the activation 
energies and the natural logarithm of the preexponential terms for the 
various triazenes were obtained (Table 11). 


The plot of log k(R) - log k(H) as a function of the Hammett constant 
u (23,24) for the different para-R-substituted aryl derivatives gives a 
satisfactory straight line, except for X and, to a lesser extent, for IX (Fig. 
2). The slope of such a straight line is negative, in agreement with the 
expected electrophilic character of the decomposition reaction, with p 
= -2 approximately. 


The triazenes that follow the Hammett plot are characterized by rel- 
atively low and approximately similar activation energies and preexpo- 
nential terms (36-50 k J  mole-l and 10-13, respectively), whereas higher 
E and ln A values have been found for XI and XI1 and for the two tri- 
azenes (IX and X) that do not follow this plot (69-91 k J  mole-' and 
19-30, respectively). The peculiar behavior of IX and X is likely to be 
attributed to the different extent of protonation of these triazenes at pH 
7.4 as compared to the other compounds. This protonation would affect 
their behavior with respect to acid catalysis. 


The results of the kinetic measurements show that the presence of 
human serum albumin in solution causes a more or less marked lessening 
in the decomposition rates of the triazenes considered, without affecting 
the order of the reaction (Fig. 3 and Table 111). Therefore, the reaction 
rate can be written as: 


(Eq. 3) 


\ .IX 


-1.51 ' I 
, 


-0.2 0.0 0.2 0.4 0.6 0.8 
a 


Figure 2-Pbt of log k(R) -log k(H) versus the Hammett constant, u, 
for the uarious triazenes studied ( p  = -2 approximately). 


where k' is the apparent kinetic constant in the presence of albumin (k' 
< k). 


The observed lessening in the decomposition rates caused by serum 
albumin may be interpreted by assuming that: (a) the triazenes interact 
rapidly and reversibly with a binding site onto the protein, (b) it cannot 
decompose when bound to this site, and (c) the fraction of unbound tri- 
azene decomposes in the bulk of the solution with kinetic constant k. 


On the basis of the first assumption, the stoichiometric constant of 
association between the triazene and the protein, K B ,  may be defined 
as: 


KB = CB/CF(CP - CB) (Eq. 4) 


Since in the present case C p  is always greater than CT and CB generally 
is sufficiently smaller than CT, CB can be neglected with respect to Cp, 
and it is possible to approximate: 


(Eq. 5) 


and, therefore: 


CF = C T / ( 1  + K B C P )  (Eq. 6) 


This approximation induces a slight underestimation of the KB values, 
which is more relevant for the highest ones. This underestimation does 


-2.0 


4- "It q 
= -1.0 


t, sec 
Figure 3-Pseudo-first-order decomposition kinetics for 1 - (p-ch1oro)- 
phenyl-3-methyltriazene at  various human serum albumin concen- 
trations at  37O and pH 7.40 (0.065 M potassium phosphate buffer); Ai, 
A*, and A are the initial, final, and actual optical densities, respec- 
tively. 
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I 


I1 


111 


IV 


V 


VI 


VII 


VIII 


X 


XI 


XI1 


Table 111-Kinetic Data of the Pseudo-First-Order 
Decomposition of Monomethyltriazenes in Buffered Aqueous 
Solutiona in  the Presence of Human Serum Albumin 


random errors. This evaluation was done by choosing the values of Cp 
and CT in the middle of their concentration range (-1.5 X and 2 X 
loe5 M, respectively). 


A more rigorous treatment that avoids the approximation leading to 


Following the previous assumptions, it is possible to state that: 
Compound T, O K  CP X lo4, pH k X lo3, 5eC-l Eq. 5 is given in the Appendix. 


296.8 1.05 7.401 3.80 
302.9 
310.9 
317.7 
310.9 
310.9 
310.9 
293.5 
302.7 
310.7 
310.2 
310.7 
311.2 
299.7 
301.0 
305.6 
307.5 
311.1 
315.2 
310.3 
310.3 
310.3 
294.0 
303.0 
310.0 
318.0 
310.0 
310.0 
310.0 
299.5 
303.4 
306.9 
310.2 
314.7 
310.2 
310.1 
310.2 
296.7 
302.7 
309.2 
313.9 
310.3 
310.3 
310.1 
294.0 
303.0 
318.0 
310.0 
310.0 
310.0 
395.9 
303.7 
309.4 
316.0 
302.0 
318.0 
310.0 
310.0 
310.0 
310.0 
294.0 
302.0 
318.0 
310.0 
310.0 
310.0 
310.0 
296.7 
297.9 
302.7 
307.4 
311.1 
316.8 
307.4 
310.0 
310.0 


1.05 
1.05 
1.05 
0.79 
1.59 
2.67 
1.20 
1.20 
1.20 
0.70 
1.40 
2.80 
0.98 
0.99 
0.98 
0.99 
0.98 
0.98 
0.49 
1.03 
2.05 
1.03 
1.03 
1.03 
1.03 
0.44 
0.98 
2.20 
0.96 
1.15 
0.96 
1.10 
1.15 
0.55 
1.92 
2.20 
1.00 
1.00 
1.00 
1.00 
0.54 
1.08 
2.16 
0.89 
0.89 
0.89 
0.41 
1.50 
2.90 
1.05 
1.05 
1.05 
1.05 
1.20 
1.20 
0.51 
1.20 
2.20 
4.00 
0.97 
0.97 
0.97 
0.38 
0.86 
1.30 
2.40 
0.99 
1.00 
0.99 
1.00 
1.00 
1 .oo 
0.50 
1.20 
2.50 


7.388 
7.370 
7.356 
7.370 
7.370 
7.370 
7.408 
7.388 
7.371 
7.372 
7.371 
7.370 
7.395 
7.392 
7.382 
7.378 
7.370 
7.361 
7.372 
7.372 
7.372 
7.407 
7.387 
7.372 
7.355 
7.372 
7.372 
7.372 
7.395 
7.387 
7.379 
7.372 
7.362 
7.372 
7.372 
7.372 
7.401 
7.388 
7.374 
7.364 
7.372 
7.372 
7.372 
7.407 
7.387 
7.355 
7.372 
7.372 
7.372 
7.403 
7.386 
7.374 
7.359 
7.390 
7.355 
7.372 
7.372 
7.372 
7.372 
7.407 
7.390 
7.355 
7.372 
7.372 
7.372 
7.372 
7.401 
7.399 
7.388 
7.378 
7.370 
7.358 
7.378 
7.372 
7.372 


5.73 
9.61 


9.14 
8.29 
7.76 
4.08 
7.20 


13.4 


12.5 
13.3 
11.5 
8.47 
3.14 
3.40 
5.01 
5.80 
6.83 
8.44 
7.26 
6.98 
5.50 
0.593 
1.20 
1.89 
3.43 
2.82 
2.03 
1.29 
0.527 
0.854 
0.955 
1.47 
1.79 
1.90 
0.952 
0.982 
0.261 
0.424 
0.865 
1.22 
1.68 
0.960 
0.613 
0.468 
0.910 
2.52 
1.48 
1.41 
1.41 
0.255 
0.532 
0.850 
1.49 
0.421 
1.21 
0.975 
0.844 
0.675 
0.505 
0.091 
0.211 
1.77 
1.03 
0.831 
0.558 
0.425 
5.95 
5.42 
8.91 


11.5 
16.4 
23.4 
18.3 
5.32 
4.72 


where u is the decomposition rate. Therefore: 


k' = k/(l  + KBCP) (Eq. 8) 


and: 


where t;lz and t l l z  are half-life times of the triazenes in the presence and 
absence of protein, respectively. Equations 8 and 9 are justified in the 
assumption that Cp > CT. 


For the triazenes considered, a plot of t;/Jtl,z uersus Cp gives a straight 
line with slope KB (Fig. 4). These KB values are reported in Table IV. 


Another possible model, i .e.,  a tight binding of the triazene onto the 
protein and the subsequent decomposition in situ, is ruled out since, in 
such a case, k' would be independent of Cp since Cp is always greater than 
CT in the experiments. 


The proposed theoretical scheme and the K B  values deduced were 
confirmed by a series of independent kinetic measurements carried out 
for each triazene at  constant Cp and various temperatures between 20 
and 45". 


Within the experimental accuracy ( f3% approximately), the data also 
follow the Arrhenius equation in the presence of serum albumin, i.e.: 


In k' = In A' - E'/RT (Eq. 10) 


where the prime denotes the presence of albumin. 


reported in Table 11. 
The activation parameters for all monomethyltriazenes studied are 


The introduction of the Arrhenius equation in Eq. 8 gives: 


(Eq. 11) 


Thus, Eq. 11 provides an independent way of obtaining KB; the values 
so obtained are reported in Table IV. They are in agreement with those 
values determined from the measurements made as a function of Cp. 


Moreover, from the temperature dependence of K B  , the binding 
enthalpies of the various triazene molecules onto the protein, ME, can 
be estimated using the derivation of Eq. 11: 


Thus, by using K B ,  the free energy of binding, AGB(AGB = -RT In 
K B ) ,  and AHB values, the variation of binding entropy for the various 
triazenes can be obtained. Thermodynamic data are reported in Table 
IV. By inspection of these data, it can be seen that most of the triazenes 
considered interact with human serum albumin, mainly by an en- 
thalpy-driven process, the entropic contribution to the AGE values 
generally being quite low. This effect is more pronounced in VII and VIII, 
for which a larger enthalpy loss is paralleled by a strikingly larger entropy 
loss. Different behavior characterizes the trichloro-substituted com- 
pound, which completely reverses the signs of MB and ASB and reveals 
a mainly entropy-driven binding to albumin, possibly related to a large 
desolvation of the triazene molecule in this process. 


The smallest K B  values are shown by triazenes VII and XII, the only 
compounds characterized by the presence of an amido group. Within the 
corresponding series of dimethyltriazenes, those carrying the carbox- 
amide function are among the most active against experimental rodent 
tumors (4). ~, 


Kinetic measurements also were performed at  constant temperature 
and in the presence of bovine and murine serum albumins. Although for Phosphate buffer, 0.065 M; ionic strength, 0.15 M. 


not exceed 10% even in the less favorable case of the highest KB values 
(-2.104 M-l), being slightly greater than the standard deviation due to 


the latter the quality of the measurements was limited by the low degree 
of purity of the available sample, in both cases the kinetics of reaction 
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Table IV-Thermodynamic Data of Binding of Monomethyltriazenes by Human Serum Albumin at 37" in Phosphate Buffer (pH 7.40, 
Ionic Strength 0.15 M )  a 


K B  x 10-3, ~ - 1  -AGB, kJ X mole-' 
Compound Measurement l b  Measurement 2 c  Measurement lb  Measurement 2c -AHB, kJ X mole-' ASB, J X mole-' X OK-' 


I 
I1 


111 
IV 
V 


VI 
VII 


VIII 
X 


XI 
XI1 


1.86 f 0.13 
5.07 f 0.06 
1.94 f 0.18 
10.8 f 0.2 
13.3 f 0.5 
22.4 f 0.9 
0.34 f 0.05 
2.84 f 0.05 
13.4 f 0.5 
21.7 f 0.4 
0.70 f 0.07 


2.2 f 0.3 
4.9 f 0.3 
2.6 f 0.3 


11.1 f 0.2 
15.4 f 0.5 
30.7 f 1.1 
0.3 f 0.1 
2.6 f 0.2 


14.4 f 1.1 
22.1 f 0.5 
- 


19.4 f 0.2 
22.0 f 0.1 
19.5 f 0.2 
24.0 f 0.1 
24.5 f 0.1 
25.8 f 0.1 
15.0 f 0.4 
20.5 f 0.1 
24.5 f 0.1 
25.8 f 0.1 
16.9 f 0.3 


19.9 f 0.4 
21.9 f 0.2 
20.3 f 0.3 
24.0 f 0.1 
24.9 f 0.1 
26.6 f 0.1 
14.7 f 0.9 
20.3 f 0.2 
24.7 f 0.2 
25.8 f 0.1 - 


4 2 f 7  
24 f 5 


2 0 4  2 
2 2 f 8  
38 f 4 
65 f 20 
62 f 4 
25 f 9 


-34 f 4 


8 f 1 5  


- 


-70 f 20 
-10 f 20 


40 f 50 
10 f 10 
10 f 20 


-40 f 10 
-160 f 60 
-130 f 10 


0 f 30 
190 f 10 - 


a Average f SD. * From kinetic measurements at 310 OK and various albumin concentration values. From kinetic measurements at constant albumin concentration 
and various temperatures. 


1 2 3 
cPx 1 0 4 . ~  


1 2 3 


Figure 4-Half-life times ratios, t&/ t l /z  (where the prime denotes the 
presence of human serum albumin) as a function of the protein con- 
centration for the triazenes studied. The values refer t o  37' and pH 7.40 
(0.065 M potassium phosphate buffer). 


clearly remained pseudo-first order and the magnitude of the KB values 
was markedly similar to that obtained with human serum albumin. The 
kinetic and binding parameters are reported in Table V. 


However, some kinetic experiments carried out in the presence of egg 
albumin showed no appreciable effect of this protein on the decomposi- 
tion rates of the triazenes. This result, obtained in the presence of a 
protein similar to the serum albumins in some physicochemical properties 
and in amino acid composition but different in its biological role, confirms 
that the effect of the serum albumins on the decomposition rates of the 
triazenes is due to their specific binding abilities. 


This protein binding can greatly influence the triazene half-life times 
in comparison with the values obtained in protein-free solutions. This 
interaction has to be taken into account in the attempt to correlate kinetic 
data in uitro with biological activities in uiuo, although the extent of this 
interaction cannot be predicted easily on the basis of structural or 
physicochemical parameters. 


A preliminary attempt to check, a t  least qualitatively, the influence 
of other serum components on the decomposition reactions and binding 
was performed using whole horse serum. The serum was diluted with 


phosphate buffer to reach a serum albumin concentration comparable 
with concentrations used in the previous experiments. The reaction still 
was pseudo-first order, and the half-lives were definitely close to those 
obtained in the presence of pure serum albumin (Table V). This result 
seems to indicate that the major part of the observed effect of the serum 
components on the triazene decomposition rates is to be attributed to 
the albumin fraction. 


' 


APPENDIX 


Exact solution of Eq. 4 for C F ,  avoiding the simplifying condition CB 
<< C p ,  leads to: 


The kinetic equation: 


= -k dt (Eq. A2) 


has to be integrated (from initial conditions: CT = CT,O at t = 0). 
This goal can be achieved considering that: 


dCT dCF dc'=-- (Eq. A3) 
CF dCF CF 


where: 


(Eq. A4) 


so that: 


(Eq. A5) 


Table V-Kinetic and Thermodynamic Data of the Decomposition of Monomethyltriazenes in  Buffered Aqueous Solution in the 
Presence of Different Serum Albumins (0.065 M Potassium Phosphate Buffer, pH 7.40, and 37") 


Human Serum Bovine Serum Murine Serum Protein-Free 
Solution, Albumin Albumin Albumin Horse Serum, 


Compound t 112, sec t l l z ,  Seca K g  X M-1 t 112, seca K B  X M-' t 112, secb K B  X loT3, M-' t 112, secc 


I1 39 70 5 85 8 85 8 100 
IV 175 460 11 540 14 520 13 700 


x 439 1320 13 850 6 1050 10 
485 510 0.3 500 0.2 490 0.1 700 


1000 
VII 


XI1 122 135 0.7 145 1 120 0 130 


Values linearly interpolated at albumin concentration 1.5 X 10-4 M .  * Experimental values at protein concentration 1.5 X lo-' M .  Experimental values in whole 
horse serum diluted 1:4 with phosphate buffer. 
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Finally, the integrated function F ( C F )  results: 


+ (1 + KRCP)  In CF = F ( C F , ~ )  - k t  (Eq. A6) 


being obviously CF expressed as a function of Cp by Eq. A l .  
This formal treatment may easily be extended to the case of n identical 


and independent binding sites present on the protein, simply by substi- 
tuting Cp by nCp in these expressions. 


The mathematical treatment would be more complicated if noniden- 
tical and possibly cooperative sites were present. Owing to the good 
agreement between experimental data and the described model, this last 
case was not considered. 


In principle, Eq. A6 implies that the kinetic law for the decomposition 
of triazenes in the presence of albumin is not first order with respect to 
triazene concentration. It is easy to realize, by numerical substitution, 
that the deviation from first-order kinetics is almost negligible in the 
present case. 


For several triazenes, it has been possible to plot the experimental data 
obtained for each triazene at  constant temperature and various Cp values 
in the form of the general function F ( C F )  uersus t (Eq. A6). All slopes at 
various Cp values were matched successfully with the value for the kinetic 
constant, k ,  in the absence of protein by choosing the same K B  value for 
each triazene. The same data, plotted according to the simplified form 
of Eq. 9, provided KB values in good agreement with those obtained by 
the more rigorous treatment. 
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Abstract The extreme vertexes design was shown to be an efficient 
method for the study of mixture problems, for generating points in the 
factor space that define a region for response surface analysis. By using 
this method, the solubility of butoconazole nitrate, an imidazole anti- 
fungal agent, was studied as a function of four components, polyethylene 
glycol 400, glycerin, polysorbate 60, and water, whose levels were subject 
to given constraints. A fifth component, poloxamer 407, was held con- 
stant. The design was used to generate 14 points in the region defined 
by the constraints. The C: efficiency of the design, with the assumption 
of a quadratic model for the response surface, was 79%. By using the 
solubilities determined a t  the 14 points and regression analysis, an 
equation was generated to characterize the response surface. Contour 


plots of the response surface illustrate the relationship of the solubility 
as a function of the components, and solubilities calculated at other points 
(in the region) agree well with the observed data. 


Keyphrases Extreme vertexes design-formulation development, 
butoconazole nitrate solubility in a multicomponent system Formu- 
lation development-extreme vertexes design, butoconazole nitrate 
solubility in a multicomponent system 0 Butoconazole nitrate-solu- 
bility, extreme vertexes design in formulation development 0 Multi- 
component systems-extreme vertexes design in formulation develop- 
ment, butoconazole nitrate solubility 


A pharmaceutical formulation generally consists of a 
mixture of several components, whose levels may often be 
constrained by factors other than those directly deter- 
mining its physical properties, such as irritation and cost. 


In developing this formulation, the component levels must 
be varied within these constraints to arrive a t  an optimum 
formulation with respect to several responses such as sol- 
ubility, stability, and bioavailability. The conventional 
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Abstract The transport rate constant of a drug partitioned in a two- 
phase system from an aqueous to an organic phase (kp") and vice versa 
(k;b) is a function of the partition coefficient P and of a solvent sys- 
tem-dependent parameter p. Drug transport is shown to be independent 
of molecular structure for a number of arbitrary compounds. 


Keyphrases Drug transport-relationship between drug transport 
rate constants and partition coefficients Partition coefficients-rela- 
tionship between drug transport rate constants and partition coefficients 
0 Structure-activity relationships-relationship between drug transport 
rate constants and partition coefficients 


Partition coefficients ( P )  often are used as parameters 
in quantitative structure-activity relationships. A qua- 
dratic log P term also is necessary in many relationships 
to obtain good statistics. The appearance of quadratic 
terms has been attributed to the influence of drug trans- 
port from the site of application to the site of action (1). 
However, partition coefficients are equilibrium constants, 
and transport is kinetic in nature. Thus, the relationship 
between the kinetic and equilibrium parameters of parti- 
tioning is important. 


BACKGROUND 


Recently, it was shown that relationships exist between transport rates 
and partition coefficients (2,3). A new transport model was developed 
to explain these relationships (2,3). 


A kinetic approach of this interfacial drug transport model reveals the 
following bilinear relationships between transport rate constants (koh) 
and P 


log kpba = log P - log - P + 1 + log korg (Eq. 1) (2 1 
where kyb is the observed rate constant for the drug transport from water 
to an organic solvent, k;bS is the observed rate constant for the reverse 
process, and korg and keg are the diffusion rate constants of the drug 
through the two adjacent stagnant layers, which are assumed to be at  an 
interface. The /3 value, known from Kubinyi's bilinear model (4,5), ap- 
pears to be identical to the quotient of k,,, and k,, (2,3). 


Moreover, it can be understood from this theory how drug transport 
in a biological system can be described with partition coefficients and 
why bilinear and parabolic relationships are found experimentally (6). 
This new interfacial drug transfer model is related closely to other lit- 
erature models (6). 


The theoretical equations were tested with a series of 30 sulfonamide 
derivatives, and it was demonstrated that /3 under fixed conditions is a 
constant for a certain two-phase solvent system (3). In the n-octanol- 
water system, and in the chosen vessel and at  a certain fixed temperature 
and stirring rate, the experimental regression equations are: 


(Eq. 3) 


(Eq. 4) 


log kyb" = logP - log (0.412P + 1) - 3.985 
n = 30 r = 0.990 F = 1397 s = 0.045 


n = 30 r = 0.998 F = 6218 s = 0.046 
From these experimental equations, it is concluded that the transport 


model and the theoretically found relationships between transport rate 


log koZb" = -log (0.411P + 1) - 3.985 


constants and P have a physicochemical reality a t  least for a series of 
congeneric compounds. It was concluded previously that the effective 
volumes of the compounds of this sulfonamide series are all very similar. 
Differences in intrinsic molecular volume and polarity of the compounds 
are obviously compensated by a change in solvent association of the solute 
(3). It is tempting to assume that a compensation mechanism of intrinsic 
radius, polarity, and charge distribution holds for other compounds with 
variations even in the molecular skeleton. The present paper describes 
the results of transport rate measurements of compounds with variations 
in structure, size, and lipophilicity, including ion-pairs and partly ionized 
compounds. 


EXPERIMENTAL 


Transport rate constants were determined with the apparatus and 
method previously described (7). 


Partition coefficients were taken from the literature (8) or were de- 
termined by UV detection' after shaking appropriate amounts of mu- 
tually saturated solvents and allowing overnight separation. 


All chemicals were available commercially and were analytical 
grade. 


RESULTS AND DISCUSSION 


The observed (koba) and calculated (kcd )  transport data are given in 
Table I. Apparent partition coefficients (Pap,,) were used to calculate the 
rate constants with Eqs. 3 and 4. The observed rate constants and ap- 
parent partition coefficients of ion-pairs and ionic compounds are de- 
pendent on the initial concentration (9). The data are plotted in Fig. 1. 
All points are situated very near to the curves calculated for the sulfon- 
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Figure I-Log kobs versus log P curves for the compounds of Table I. 
The plotted data are the log kobs values, and the drawn curves were 
calculated with Eqs. 3 and 4. 
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Table I-Transport Data of Various Compounds in n-Octanol-Water a* 
~ ~ ~ ~ ~~~~ ~ ~ ~ ~ ~ ~~ 


COC, 
moles 


1% log per Compound Weight PaZr ;k k? A:bSb.-’. hf4 k 3 k  A;MC liter 
Molecular log 


Ephedrine hydrochloride 202 -2.45 -6.444 -6.436 -0.008 -4.020 -3.986 -0.034 5.0 X 
Adrenaline bitartrate 333 -1.75 -5.725 -5.738 0.013 -3.978 -3.988 0.010 3.0 X 
Berberine chloride 372 -1.28 -5.369 -5.274 -0.095 -4.089 -3.994 -0.095 6.2 X lo-’ 
Sulfanilamide 172 -0.7Zd -4.781 -4.738 -0.043 -4.061 -4.018 -0.043 1.1 X 
Benzilonium n-hexanesulfonate 518 -0.55 -4.593 -4.578 -0.015 -4.048 -4.033 -0.015 2.5 X 
Benzilonium n-heptanesulfonate 532 -0.03 -4.199 -4.156 -0.043 -4.170 -4.126 -0.044 2.5 X 
Caffeine 194 -0.07d -4.156 -4.186 0.030 -4.086 -4.115 0.029 2.0 X 
Antipyrine 188 0.23d -3.925 -3.985 0.060 -4.155 -4.215 0.060 5.8 X lo-’ 
Aminopyrine 231 0.71 -3.783 -3.768 -0.015 -4.495 -4.479 -0.016 1.4 X 
Triamcinolone 394 L.16d -3.732 -3.667 -0.065 -4.892 -4.826 -0.066 6.7 X lo-‘ 
Benzocaine 165 1.73 -3.590 -3.619 0.029 -5.320 -5.348 0.028 9.0 X lo-’ 
Benzene 78 2.15d -3.518 -3.607 0.089 -5.668 -5.756 0.088 9.4 X 
Toluene 92 2.73d -3.499 -3.602 0.103 -6.229 -6.331 0.102 3.0 X 
Diazepam 285 2.82d -3.613 -3.601 -0.012 -6.432 -6.420 -0.012 2.3 X lo-’ 
p-Xylene 106 3.15d -3.605 -3.601 -0.004 -6.755 -6.750 -0.005 1.7 X 


The log /@ calculated from Eqs. 3 and 4. * Stirring rate was 0.667 sec-1, and temperature was 20 f 0.1” (7). Initial concentration in aqueous or organic phase (7). 


to know the factors that determine this parameter. It is assumed thatthe 
stagnant layers at an interface are more or less structured (3) and that 
this structuring originates from a mutual influencing of the two adjacent 
phases (water-organic solvent or water-membrane). Polarity and po- 
larizability of the solvents seem to be important properties. Investigations 
on this subject are in progress. Studies on the partitioning kinetics of 
drugs will produce more knowledge of the transport properties of drugs, 
which then can result in improved pharmacokinetic parameters of drugs 
(11,12) and the successful application of quantitative structure-activity 
relationships. 


Taken from Ref. 8. 


amide derivatives (3) (Eqs. 3 and 4). The regression equations for the 
compounds of Table I are: 


log kybs = log P - log (0.364P + 1) - 4.010 
n = 15 r = 0.999 F = 4401 s = 0.051 


log kg” = -log (0.358P + 1) - 4.016 
n = 15 r = 0.999 F = 5375 s = 0.051 


(Eq. 5) 


(Eq‘ 6, 


with the data When the data of the compounds of Table I are 
of the sulfonamide derivatives, the regression equations are: 


log ky” = log P - log (0.386P + 1) - 3.999 
(Eq. 7) 


n = 45 r = 0.997 F = 7332 s = 0.047 REFERENCES 
log k”zb* = -log (0.385P + 1) - 4.002 


(Es. 8) n = 45 r = 0.998 F = 12,055 s = 0.047 
Because 0 can only be determined with a relative standard deviation 


of -10% (3, lo), it can be concluded that Eqs. 5-8 do not differ signifi- 
cantly and that all compounds behave as belonging to one series with 
regard to partitioning. 


Since diffusion rate constants through the stagnant layers largely de- 
termine the overall transport rates, dependency on the radius of the 
molecules is expected (Stokes-Einstein relation). However, because this 
effect was not observed, it was concluded that the effective.molecular radii 
of the sulfonamide derivatives all are very similar (3). This fact also holds 
for other compounds. These observations show that the absolute mag- 
nitude of transport rate constants in a two-phase system is not dependent 
on the intrinsic molecular size of a compound. 


In conclusion, transport rate constants of drug partitioning in a chosen 
two-phase system are determined by the partition coefficient (P) and 
the solvent system parameter (0). This B value, which equals korg/kaq, 
is a new parameter that can be calculated from the plateau values of a 
log kobs/log P curve (3). 


Drug transport in biological systems includes a series of interphase 
aqueous environment to membrane transfers and vice versa. For each 
transfer process, a certain 0 value can be defined; thus, it is interesting 
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Abstract 0 Four beagle dogs received both an oral and intravenous dose 
(1 mg/kg) of indapamide in a crossover design. The blood levels and 
urinary excretion of intact indapamide were measured, and the phar- 
macokinetic parameters of the drug were defined. The results indicate 
that indapamide is completely bioavailable after an oral dose and does 
not undergo first-pass metabolism. Excretion of unchanged drug from 
the kidney accounted for only a small percentage of the drug's clearance. 
While the dog is very similar to the human in its handling of indapamide, 
the dog clears indapamide approximately twice as fast as humans. 


Keyphrases 0 Indapamide-pharmacokinetics in dogs 0 Pharmaco- 
kinetics-indapamide, dogs Antihypertensive agents-indapamide, 
pharmacokinetics in dogs 


Indapamide', l-(3-sulfamyl-4-chlorobenzamido)-2- 
methylindoline, is a new antihypertensive agent which has 
been shown to be clinically effective at daily doses of 2.5 and 
5.0 mg (1-5). A terminal elimination half-life of -15 hr was 
observed in human volunteers who received 5.0-mg oral 
doses of indapamide (6). A study (7) in which humans re- 
ceived radiolabeled indapamide orally showed that the 
drug was extensively metabolized, with only -5% of the 
administered drug excreted unchanged in the urine. 
Therefore, renal clearance was considered to account for 
only a small percentage of indapamide's total body clear- 
ance. 


The present study in dogs was designed to define the 
pharmacokinetic parameters of indapamide. Dogs were 
given both oral and intravenous doses to determine the 
fraction of dose systemically available after the oral 
dose. 


EXPERIMENTAL 


Animals-Four male beagle dogs, weighing an average of 12.1 kg, were 
administered -1 mg/kg of indapamide as an oral solution or as an in- 
travenous injection in a crossover design. Two dogs initially received the 
oral dose, while the other two received the intravenous dose. A 2-week 
wash-out period was used between doses. Prior to dosing, the dogs were 
fasted overnight. They were maintained in metabolism cages and pro- 
vided with water ad libitum throughout the study. Four hours after 
dosing, the dogs were given 480 ml(l6 oz) of dog food mixed with an equal 
volume of water. 


Treatment-The oral solution was prepared by dissolving 100 mg of 
indapamide2 in 50 ml of polyethylene glycol 4003, followed by dilution 
with water to a final concentration of 0.2 mg/ml. Approximately 60 ml 
of this solution was administered to each dog via a gastric tube, followed 
by 25 ml of water to rinse the gastric tube. The intravenous solution was 
prepared by dissolving indapamide in absolute ethanol to a final con- 
centration of 5 mg/ml. After administration of the intravenous dose as 
a bolus, the dogs received -75 ml of water oia a gastric tube. 


Blood samples (6 ml) for the first 12 hr after dosing were collected by 
an indwelling catheter in the jugular vein of the dog. Thereafter, blood 
samples were collected by venipuncture from the cephalic vein. The 
samples were collected in plastic syringes and transferred to polypro- 
pylene tubes4 for storage. Sodium oxalate was the anticoagulant. With 
the intravenous dose, blood samples were collected just prior to  and at  
0.25,0.5,1,2,4,6,8,12,24,30,48, and 72 hr after dosing. Blood samples 


were collected just prior to and at  0.5,1,2,3,4,6,8,12,24,30,48, and 72 
hr after the oral dose. 


Urine was collected by catheterization just prior to and at  4,8,12,24, 
48, and 72 hr after dosing. This urine was combined with the urine col- 
lected in the metabolism cages during the appropriate time intervals, and 
the total urine volume was measured. All samples were divided into ali- 
quots, and the urine and blood samples were maintained a t  -20" until 
assayed. 


Assay of Indapamide in Blood and Urine-Measurement of blood 
and urine concentrations of indapamide was performed using a semiau- 
tomated fluorescence assay (8). The procedure was shown to be sensitive 
(25 ng/ml) and specific for the intact drug. 


Data Treatment-Pharmacokinetic parameters for the intravenous 
blood data were calculated by standard techniques (9,lO). A two-com- 
partment open model (Scheme I) was used to describe the blood con- 
centrations of indapamide following the intravenous dose. Blood con- 
centrations ( C )  of indapamide for any time t after an intravenous dose 
are given by the relationship: 


C = + Be-8' (Eq. 1) 
where A and B are the zero-time intercepts determined by extrapolation 
of the linear distribution (a) and terminal elimination (p) phases, re- 
spectively. These rate constants were calculated by the methods of re- 
siduals using a least-squares best fit to calculate the slopes. The inter- 
compartmental transfer rate constants were then calculated as fol- 
lows: 


k l z  = + p - kz i  - k l o  


The volume of distribution of the central compartment (V,) was cal- 
culated as follows: 


dose v, = - 
A + B  (Eq. 5) 


The apparent volume of distribution, V,, for indapamide was calculated 
using: 


(Eq. 6) 


where AUCO-, is as defined later. 
The V ,  of indapamide after an oral dose was calculated using Eq. 6, 


which is model independent. However, the oral dose was considered to 
be only that fraction that was available. This fraction, F ,  was calculated 
as the ratio of the area under the blood versus time curve after an oral 
dose to that following an intravenous dose. 


The following additional parameters were calculated for both the oral 
and intravenous administrations of indapamide: area under the blood 
concentration versus time curve for the first 48 hr (AUC-s), which was 
calculated by the trapezoidal rule; and total area under the blood con- 
centration versus time curve (AUCs-.) ,  which was calculated using: 


compartment 


(Eq. 7) 


RHC 2555. 
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Figure 1-Average indapamide blood concentrations after an oral (0) or intravenous (0) dose of 1 mglkg. 


where e4~ was calculated from the slope of the terminal linear segment 
of the semilogarithmic plot of blood concentration versus time. The total 
body clearance (CZT) was calculated using: 


c1T = Vofl (Eq. 8) 


Average renal clearance ( C ~ R )  was determined by plotting the rate of 
excretion of unchanged indapamide in urine (AUlAt )  as a function of 
the blood concentration of indapamide at the midpoint of the collection 
interval. The slope of this graph was calculated by linear regression and 
was equal to c1R. The total renal clearance was also estimated by dividing 
the total amount of indapamide recovered in the urine by AUCh,. 


RESULTS AND DISCUSSION 


A two-compartment open model was chosen to describe the blood 
indapamide concentrations following the intravenous dose to dogs. This 
selection was made after visual inspection of the data. While these data 
possibly might be better described by an equation containing three or 
four exponential terms, the data at the latter time points were not suf- 
ficient to allow such analysis. The two-compartment model, however, 
appeared to be adequate since the fit of the theoretical to the experi- 
mental data was acceptable for all dogs, with correlation coefficients of 
at least 0.98. In addition, the AUc0-48 values calculated from the pa- 
rameters of the best fit were within 5% of the areas calculated by the 
trapezoidal rule. 


Linear regression of the terminal elimination phase after an oral dose 
did not give evidence for a two-compartment model but for only a one- 
compartment one. This phenomenon occurs when the absorption rate 
constant of a drug is sufficiently close to the distribution rate constant 
that the distributive phase is not observed following absorption (9). The 
absorption rate of indapamide was not measured in this study since a 
sufficient number of points during the absorption phase was not obtained. 
Thus, only the analysis of the intravenous data was used to define the 
pharmacokinetic parameters of indapamide. 


Blood Concentrations-Mean blood concentrations of indapamide 
in four dogs after an oral or intravenous dose of 1 mgkg are shown in Fig. 
1. After the oral dose, the average maximum blood concentration (Cmm) 
obtained for indapamide was 1.95 pglml and the average time of peak 
blood concentrations (T,,,=) was 1.3 hr. Indapamide was rapidly absorbed 
after dosing with an oral solution. 


Blood levels were significantly higher for the intravenous dose than 


the oral dose for only the 1st hr after dosing. At 4 hr after dosing, the 
average blood concentration of indapamide was higher after the oral dose 
than after the intravenous dose. The AUC values for the blood concen- 
tration versus time curves are shown in Table I. The average values for 
AUCh, were 23.3 and 23.9 pg hr/ml for the oral and intravenous doses, 
respectively. It can be concluded from these data that the AUC values 
after the oral and intravenous doses were essentially the same and that 
the fraction of drug available was 1.0. Therefore, these results indicate 
that indapamide, although extensively metabolized (7), is completely 
bioavailable after an oral dose and does not undergo first-pass metabolism 
by the gut or liver. 


A similar conclusion could be arrived at by using only the data obtained 
after the oral dose and calculating F by the following (9): 


Q 
dose 


(Eq. 9) F =  


-k (AUCO-=J,, 


Table I-Pharmacokinetic Parameters for Intravenous and Oral 
Indapamide in Dogs 


~ ~ ~ ~ ~ ~ 


Parameter Intravenousa Oral 


A UCo-48, pg hr/ml 23.5 f 3.2 23.0 f 1.4 
AUCo-,, pg hr/ml 23.9 f 3.4 23.3 f 1.4 
Cmax, pdml - 1.95 f 0.16 
Tmax, hr - 1.3 f 1.2 
A ,  d m l  1.06 f 0.54 - 


a, hr-l 2.48 f 0.92 - 
t 112a, hr 0.32 f 0.16 - 


B,  d m l  1.94 f 0.28 1.95 f 0.12 
f l ,  hr-1 0.087 f 0.006 0.086 f 0.002 
t 112fl, hr 8.04 f 0.56 8.09 f 0.20 
kl2, hr-l 0.71 f 0.36 - 


kzl, hr-l 1.13 f 0.82 - 
klo,  hr-I 0.13 f 0.02 - 


V,, literdkg 0.34 f 0.07 - 


Vg, Iiterdkg 0.49 f 0.06 0.50 f 0.04 
ClT, ml/min/kg 0.71 f 0.09 0.72 f 0.04 
C ~ R * ,  ml/min/kg 0.060 f 0.008 0.059 f 0.012 


a Mean f SD. * Amount of indapamide excreted in the urine (0-48 hr)/ 
AUC&-. 
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Table 11-Average Renal Clearance of Indapamide in Four  Dogs 
following Ora l  o r  Intravenous Dosing 


X H  


0.1 I 
0 5 10 15 20 25 30 35 


HOURS 
Figure %-Average indapamide urinary excretion rates after an oral 
(0) or intravenous ( 0 )  dose of 1 mglkg. 


where Q is the liver blood flow in dogs [43 ml/min/hr ( l l ) ] ,  the dose is 1 
mg/kg, and the average AUCo-, is 1.95 fig hr/ml kg. A value of 0.98 was 
calculated for F using these parameters. 


The pharmacokinetic parameters were calculated for each dog after 
the intravenous and oral doses and are shown in Table I. The average 
terminal half-life for elimination of unchanged indapamide was 8 hr after 
both the oral and intravenous dose. The average Vo was 0.50 for the oral 
dose and 0.49 liter/kg for the intravenous dose. Thus, there was no ap- 
parent difference in the way indapamide was handled after either an oral 
or intravenous dose. The average V, after the intravenous dose was cal- 
culated to be 0.34 liter/kg. 


Plasma indapamide concentrations at  2 and 8 hr after dosing were 
measured, and the average ratio of whole blood to plasma concentrations 
for all samples was 5.4 f 1.4. 


Urinary Excretion and  Renal Clearance-The average urinary 
excretion rate profiles after the intravenous and oral doses are shown in 
Fig. 2. Comparison of data after the oral and intravenous dose revealed 
no significant differences in the amount or rate of urinary excretion of 
unchanged indapamide. Within 48 hr after oral or intravenous dosing, 
averages of 8.2 and 8.1% of the dose were eliminated in the urine as un- 
changed indapamide, respectively. It was estimated that only -0.2% of 
the dose was excreted in the urine as unchanged indapamide between 
48 and 72 hr. 


Renal clearance and average incremental renal clearance data for all 
dogs are presented in Table 11. The renal clearance during the 4-8-hr 
interval was significantly higher than the values obtained for the other 
time intervals. This point caused considerable error in the calculation 
of renal clearance as evidenced by the increase in the correlation value 
when it was omitted. This temporal dependence of renal clearance was 
not related to the blood indapamide concentrations but instead may have 
been related to the administration of food and water to the dogs a t  4 hr 
after dosing. This water intake may have increased the urine flow during 
the 4-8-hr period and thus decreased indapamide reabsorption. 


However, while the renal clearance of indapamide appears to have been 
dramatically altered during this period, there was little change in total 
drug clearance because of the small involvement of the kidneys. 


Renal clearance was also estimated by dividing the amount of un- 
changed indapamide excreted in the urine by 48 hr (U0-48) after dosing 
by the AUCG,. This value should closely approximate the true value 
since a negligible amount of unchanged indapamide is excreted in the 
urine after 48 hr. The average values were 0.72 ml/min after the oral dose 
and 0.74 ml/min after the intravenous dose (Table I). These values 
compare favorably with those obtained graphically (0.79 and 0.87 ml/min, 
respectively). 


Time 
Interval, CB (W, AUlAt,  AU/A~/CB(T) ,  


hr r d m l  u n h r  ml/min 


Oral Dosing 
0-4 1.633 73.1 0.746 
4-8 1.168 79.8 1.139 
8-12 0.826 43.6 0.880 


12-24 0.416 12.2 0.489 
24-48 0.088 3.0 0.568 


CLR = 0.89 ml/min; r2 = 0.88 
CIRC = 0.787 ml/min; r2 = 0.97 


Intravenous Dosing 
0-4 1.715 84.0 0.816 
4-8 1.141 95.2 1.391 
8-12 0.817 40.6 0.828 


12-24 0.410 7.9 0.321 
24-48 0.087 3.0 0.575 


C ~ R ~  = 1.005 ml/min; r2 = 0.81 
C ~ R ‘  = 0.873 ml/min; r2 = 0.98 


Blood indapamide concentration at midpoint of time interval. Extra olated 
values were used for those times when no blood sample was collected. !Renal 
clearance calculated by the graphical method using all points. c Renal clearance 
calculated by the graphical method excluding the 4-8-hr point. 


Values of CmaX for blood concentrations of indapamide in humans (6) 
were -0.3 fig/rnl after a total dose of 5 mg (-0.07 mg/kg). These values, 
when corrected for dose, are approximately double the C,,, values ob- 
tained in the present study. This difference could be explained by the 
differences in the V B  values of the two species. The values for dogs and 
humans are 0.5 and 0.3 liter/kg, respectively. 


For humans, the elimination half-life his been reported as 15 hr (6); 
in the present study in dogs, a half-life of only 8 hr was observed. This 
difference may reflect a difference in the hepatic clearance rate in the 
two species since the renal clearance is -10% or less of the total clearance 
for both species. Indeed, in both dogs and humans, indapamide clearance 
is considerably less than the liver blood flow, which may be a result of the 
drug’s binding to the blood constituents and/or its intrinsic clearance. 
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laboratories, also show that the cholesterol release in media 
containing I11 and lecithin may follow the pattern de- 
scribed in Scheme I. 


cholesterol. H,O __ cholesterol in 
crvstal mixed micelles 


mesophase 


Scheme I 


The process effectively represents a substantial mass 
transfer rate of cholesterol from the gallstone into the 
medium. Although this process is significantly slower than 
the micellar dissolution rate of a cholesterol gallstone in 
a lecithin-IV solution, after some time (several days in 
these experiments) the extent of dissolution and disinte- 
gration by this process may be greater. 


These studies imply that the phase equilibria in III- 
lecithin-cholesterol-water differ from that in IV-leci- 
thin-cholesterol-water. Conjugates of ursodeoxycholic 
acid apparently have a much weaker tendency to disperse 
mixed lecithin-cholesterol bilayers than those of cheno- 
deoxycholic acid. The data do not answer directly the 
question of whether mesophase formation may occur 
during gallstone dissolution induced by ursodeoxycholate 
in humans since biliary bile acids become only moderately 
enriched in ursodeoxycholic acid (60-70%) during con- 
tinuous ursodeoxycholate administration; therefore, fur- 
ther studies are needed. Mesophase formation during 
gallstone induction does occur in the cholesterol-fed prairie 
dog (12) whose bile contains predominantly cholate con- 
jugates, and mesophases were reported to occur in some 
samples of human bile (13,14). 
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REVIEWS 


Pharmaceutical Calculations, 7th Ed. By MITCHELL J. STOKLOSA 
and HOWARD C. ANSEL. Lea & Febiger, 600 Washington Square, 
Philadelphia, PA 19106.385 pp. 15 X 23 cm. Price $15.00. 
The seventh edition is in the same format as earlier ones but contains 


an expanded chapter on dosage calculations and additional chapters on 
interpreting the prescription and calculations involving parenteral ad- 
mixtures. The material from the “Chemical Problems” chapter in the 
6th edition is found in the appendix of the new edition. Many new prac- 
tice problems have been added to appropriate chapters. 


The addition of a new chapter, “Interpretation of the Prescription or 
Medication Order,” is very good. The interpretation presented is aimed 
specifically a t  helping the student solve problems presented in the pre- 
scription, medication order, or formula and does not duplicate infor- 


mation given in other chapters, as one might expect. The subject matter 
is presented in a direct manner with enough examples to be easily un- 
derstood. 


Additions to the “Calculation of Doses” chapter include an expansion 
of the surface area method with the two DuBois and DuBois nomograms 
for finding body surface areas for children and adults. This is a consid- 
erable improvement over the 6th edition which contained a table of body 
weights and surface areas. Unfortunately, the reference to the use of this 
method (Harry Shirkey) uses the West nomogram, which gives results 
different from that of DuBois. Perhaps an expanded discussion could 
cover this point in the next edition. 


The inclusion of calculations involving lean body mass, loading dose, 
maintenance dose, and the use of creatinine clearance rate is an excellent 
choice of subject to update the book. The explanations and examples are 
all clear and precise except for the calculation and use of creatinine 
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clearance rate for females, which is hampered somewhat by insufficient 
practice problems of this type at the end of the chapter. 


“Some Calculations Involving Parenteral Admixtures” is another new 
chapter. The material covers the application of the milliequivalent and 
millimole concepts to the use of additive solutions in parenteral therapy. 
The use of various solutions obtained from ampuls or vials and the con- 
stituting of total parenteral nutrition or hyperalimentation fluids are 
included, as are computations of the flow rates of intravenous solu- 
tions. 


“Pharmaceutical Calculations” has been a standard text for many 
years. Its clear but concise explanations, numerous examples, and various 
practice problems have made it so. The new materials are good additions 
to an already excellent book. 


Reviewed by Noel 0. Nuessle 
School of Pharmacy 
University of Missouri-Kansas City 
Kansas City, MO 64110 


Sustained Release Medications. Edited by J. C. JOHNSON. Noyes 
Data Corp., Mill Rd. a t  Grand Ave., Park Ridge, NJ  07655.1980.412 
pp. 15 X 23 cm. Price $54.00. 
In the foreword, the editor gives an excellent and precise description 


of the information contained in the book. The information is based on 
US.  patents issued since January 1974 in the field of sustained-release 
medications. The editor indicates that the book is a data-based publi- 
cation, providing information retrieved and made available from the US. 
patent literature. Thus, it serves a double purpose in that it supplies 
detailed technical information and can he used as a guide to the patent 
literature in this field. By indicating all the significant information and 
eliminating legal jargon and juristic phraseology, this book represents 
an advanced, commercially oriented review of recent developments in 
the field of sustained-release medications. The book is composed of 14 
chapters; it contains 263 patents covering 204 processes. 


The first chapter deals with patents describing the preparation of ex- 
cipients used in the manufacture of these medications. Included are 
controlled-release tableting media (talc, ethylcellulose, methyl stearate 
mixtures, hydrated hydroxyalkylcellulose plus aliphatic alcohol, and salts 
of polymeric carboxylates), polymer gels (chelated hydrogels and 
water-insoluble hydrophilic copolymers), enteric-coating materials 
(cellulose ether compositions, partial esters of acrylate-unsaturated 
anhydride copolymers, and water-soluble coating resins), and polyesters 
(polymers with oxyacycloalkane units, polymers with alkoxy or oxacy- 
cloalkane substituents, bioabsorbable polyglycolic acid polyester con- 
densates, and bioerodable partial esters of polycarboxylic acids). 


Patented processes involved in the preparation and coating of micro- 
capsules is covered in Chapter 2. Chapter 3 includes processes for pre- 
paring capsules as well as tablet cores and tablet coatings. Patents dealing 
with films and webs are discussed in Chapter 4. The fifth chapter de- 
scribes 10 processes utilized in the design of diffusion devices containing 
medications soluble to some extent in the polymeric material. Chapter 
6 includes 16 processes involved in the preparation of osmotic devices 
that use polymeric materials permeable to water and body fluids but not 
permeable to the drug. 


The next four chapters describe devices such as implants, ocular in- 
serts, intravaginal and intrauterine inserts, and devices for use in the GI 
tract. These devices utilize bioerodable polymers selected so that the 
device and the medication are absorbed by the body. Chapters 11-13 deal 
with various sustained-release medications such as heart and circulatory 
drugs, antispasmodics, antibiotics, aspirin, and analgesics and GI tract 
drugs. The final chapter describes veterinary preparations. 


The book is a must for individuals interested in sustained-release 
technology. It is well written and would be a great timesaver and a source 
of many excellent ideas. 


Reviewed by Farid Sadik 
College of Pharmacy 
University of South Carolina 
Columbia. SC 29208 
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Finally, the integrated function F ( C F )  results: 


+ (1 + KRCP)  In CF = F ( C F , ~ )  - k t  (Eq. A6) 


being obviously CF expressed as a function of Cp by Eq. A l .  
This formal treatment may easily be extended to the case of n identical 


and independent binding sites present on the protein, simply by substi- 
tuting Cp by nCp in these expressions. 


The mathematical treatment would be more complicated if noniden- 
tical and possibly cooperative sites were present. Owing to the good 
agreement between experimental data and the described model, this last 
case was not considered. 


In principle, Eq. A6 implies that the kinetic law for the decomposition 
of triazenes in the presence of albumin is not first order with respect to 
triazene concentration. It is easy to realize, by numerical substitution, 
that the deviation from first-order kinetics is almost negligible in the 
present case. 


For several triazenes, it has been possible to plot the experimental data 
obtained for each triazene at  constant temperature and various Cp values 
in the form of the general function F ( C F )  uersus t (Eq. A6). All slopes at 
various Cp values were matched successfully with the value for the kinetic 
constant, k ,  in the absence of protein by choosing the same K B  value for 
each triazene. The same data, plotted according to the simplified form 
of Eq. 9, provided KB values in good agreement with those obtained by 
the more rigorous treatment. 
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Abstract The extreme vertexes design was shown to be an efficient 
method for the study of mixture problems, for generating points in the 
factor space that define a region for response surface analysis. By using 
this method, the solubility of butoconazole nitrate, an imidazole anti- 
fungal agent, was studied as a function of four components, polyethylene 
glycol 400, glycerin, polysorbate 60, and water, whose levels were subject 
to given constraints. A fifth component, poloxamer 407, was held con- 
stant. The design was used to generate 14 points in the region defined 
by the constraints. The C: efficiency of the design, with the assumption 
of a quadratic model for the response surface, was 79%. By using the 
solubilities determined a t  the 14 points and regression analysis, an 
equation was generated to characterize the response surface. Contour 


plots of the response surface illustrate the relationship of the solubility 
as a function of the components, and solubilities calculated at other points 
(in the region) agree well with the observed data. 


Keyphrases Extreme vertexes design-formulation development, 
butoconazole nitrate solubility in a multicomponent system Formu- 
lation development-extreme vertexes design, butoconazole nitrate 
solubility in a multicomponent system 0 Butoconazole nitrate-solu- 
bility, extreme vertexes design in formulation development 0 Multi- 
component systems-extreme vertexes design in formulation develop- 
ment, butoconazole nitrate solubility 


A pharmaceutical formulation generally consists of a 
mixture of several components, whose levels may often be 
constrained by factors other than those directly deter- 
mining its physical properties, such as irritation and cost. 


In developing this formulation, the component levels must 
be varied within these constraints to arrive a t  an optimum 
formulation with respect to several responses such as sol- 
ubility, stability, and bioavailability. The conventional 
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approach is to vary one variable a t  a time until a satisfac- 
tory formulation is developed, which may or may not be 
the optimum. This process could conceivably involve nu- 
merous experiments. Therefore, methods are needed for 
choosing and determining the adequacy of various groups 
of possible experimental points. 


In this regard, the use of factorial designs has been well 
established (1). However, classical factorial designs are not 
suitable for problems involving mixtures because of the 
constraint 2 X i  = 1, where X i  is the level of the i th  com- 
ponent; i .e . ,  the level of one component is fixed by the 
levels of the others. Furthermore, the classical factorial 
approach can result in large numbers of experimental 
points necessary to  complete the design. T o  overcome 
these problems, McLean and Anderson (2) proposed the 
extreme vertexes design for mixture problems with upper 
and lower bounds. The  advantages and disadvantages of 
this method were discussed and compared with other 
methods of experimental design (3-6). 


The objective of this study was to  demonstrate the 
utility of this design in pharmaceutical formulation de- 
velopment. The method is illustrated here by a solubility 
study of butoconazole nitrate, an antifungal agent, in a 
multicomponent system. 


THEORETICAL 


The general procedure involves constructing, in n-dimensional com- 
ponent space, the hyperpolyhedron that defines the region of all possible 
formulations. This construction and the shape of the region are based 
on the constraints put on the various formulation components. The ex- 
treme vertexes are then just the collection of the vertexes of this hyper- 


Table I-All Possible Vertexes fo r  the Given Four-Variable 
System 


Component and Range 


Glycol 400 Glycerin Polysorbate 60 Water 
Polyethylene 


Vertex (0.1-0.4) (0.1-0.4) (0-0.08) (0.3-0.7) 


l b  0.1 
26 0.1 
3b 0.1 


0.1 
0.1 
0.4 


46 0.1 0.4 
56 0.4 0.1 
6 b  0.4 
7 0.4 
8 0.4 
9 0.1 


1 0 c  0.1 
11 0.1 
12 0.1 
13b 0.4 
14 0.4 
15b 0.4 
16 0.4 
17 0.1 
is< 0.1 
19 0.1 
20 0.1 
21 0.4 
22 0.4 
23 0.4 


0. i 
0.4 
0.4 
0.5 
0.1 
0.42 
0.02 
0.2 
- 


0.12d 
- 


0.1 
0.1 
0.4 
0.4 
0.1 
0.1 
0.4 ~~ 


24 0.4 0.4 
25 0.5 0.1 
26 ' 0.1 0.1 
27 0.42 0.1 
28 0.02 0.1 
29 0.2 0.4 


0.4 30 
3 1 b  0.12 0.4 
3 2 - 0.4 


- 


0 0.7 
0.08 0.62 
0 0.4 
0.08 0.32 
0 0.4 
0.08 
0 
0.8 
0 
0 
0.08 
0.08 
0 
0 
0.08 
0.08 
0.4 
0 
0.1 


0.1 
- 


d 
d 


- 
- 


~~ 


0.32 
0.1 
0.02 
0.3 
0.7 
0.3 
0.7 
0.3 
0.7 
0.3 
0.7 
0.3 
0.7 
0.3 
0.7 
0.3 
0.7 
0.3 


d 
~ 0.7 


0 0.3 
0 0.7 
0.08 0.3 
0.08 0.7 
0 0.3 
0 0.7 
0.08 0.3 
0.08 0.7 


All values are fractions of the mixture. Poloxamer 407 was fixed at  0.1. * Al- 
Values could not be calculated as sum of other lowable vertexes. e Repeat points. 


components > 1. 


Table  11-Normalized Distances between Adjacent Extreme 
Vertexes 


Vertex 
Pair" Distance 


192 
1 , 3  
1 . 5  


1.02 
1.25 
1.25 -, - 


274 1.25 
2.6 ' 1.25 
374 
3, 29 
4,31 
5,6 
5, 13 
6, 15 


13,15 
13,29 


. 15,31 
29,31 


1.02 
0.42 
0.08 
1.02 
0.42 
0.08 
1.03 
0.94 
1.32 
1.03 


a Numbers correspond to points in Table I. 


polyhedron. T o  them are added the face centroids, the overall centroid, 
and, if necessary, the edge centroids (midpoints of the edges, generally 
included only for the longer edges). 


When developing an experimental design, one generally has a partic- 
ular model, such as linear, quadratic, or cubic, to be used for the response 
surface. Given a particular model, a reasonable subset of the derived set 
of possible formulations must be selected on which to do experimental 
work. If the full set is small enough, all points can he taken; but when the 
number of initial points is large, a method is necessary for the rational 
selection of an  experimentally manageable subset of points. Several 
methods and parameters have been proposed to evaluate the quality and 
size of the design for a given model. Details of hyperpolyhedron genera- 
tion, subset selection, and subset evaluation were reported previously 
(2,4).  The procedure used in this study to determine the design points 
is as follows. 


Table I lists the components, their ranges, and all possible vertexes 
generated using the method in Ref. 2. Although there are five compo- 
nents, one component, poloxamer 407, was fixed a t  0.1 (10%). Therefore, 
the problem is one of four variables whose sum equals 0.9. From the 32 
vertexes generated, there are 10 allowable vertexes where the levels of 
the components fall within the specified ranges. Normalized distances 
(2) were calculated between adjacent vertexes of the hyperpolyhedron 
defined by these 10 allowable vertexes using Eq. 1 (Table 11). The nor- 
malized distance between the i th and j t h  points, d,,, is given by: 


(Eq. 1) 


where x, and x, are the q-dimensional vectors defining the two points, 
h, and a, are the upper and lower bounds of the mth component, and 
y is the number of variables (in this case four). Since points 3 and 29,4 
and 31,5 and 13, and 6 and 15 are close to each other relative to the other 
points, they were replaced by their averages to give six extreme vertexes, 
which define the region in space shown in Fig. 1. This six-point design 
was then augmented by addition of centroids, using the method for 


P o l y s o r b a t e  hO (0, 0 .9 ,  0, 0) 


10, 0.0.9, 0) G i y c e r i n  
(0.9. 0. 0. 


i i a t e r  (0, 0, 0.0.9) 


Figure 1-Region defined by the extreme uertexes. 


898 I Journal of Pharmaceutical Sciences 
Vol. 70, No. 8, August 1981 







Table IV-Regression Parameters for the Solubility Equationa Table 111-Final Design Used for Solubility Determinations and 
Their Respective Solubilities 
~ ~ ~ 


Poly- 
ethylene Poly- Solubility, 


Number Glvcol400 Glvcerin sorbate 60 Water mdml 


Vertexes 
1 
2 
3 
4 
5 
6 


Centroids 
7 
8 
9 


10 
11 
12 
13 


Overall 
centroid 


14 


0.1 
0.1 
0.15 
0.11 
0.4 
0.4 


0.1 
0.4 
0.13 
0.216 
0.203 
0.255 
0.275 


0.21 


0.1 
0.1 
0.4 
0.4 
0.15 
0.11 


0.1 
0.13 
0.4 
0.216 
0.203 
0.255 
0.275 


0.21 


0 
0.08 
0 
0.08 
0 
0.08 


0.04 
0.04 
0.04 
0 
0.08 
0.08 
0 


0.04 


0.7 
0.62 
0.35 
0.31 
0.35 
0.31 


0.66 
0.33 
0.33 
0.468 
0.414 
0.31 
0.35 


0.44 


3.0 
7.3 
4.9 
8.4 
8.6 


12.7 


5.1 
10.8 
6.6 
4.4 
7.9 
9.4 
5.8 


6.3 


a All values for the components are in fractions. Poloxamer 407 was fixed at 
0.1. 


centroids as in Ref. 2. Two face centroids, five edge centroids, and the 
overall centroid were calculated and added to the vertexes obtained above 
to result in the 14-point design shown in Table 111. 


For mixture experiments, the quadratic model (Eq. 2) is the most ad- 
equate for modeling the response surface (3). The response Y, in this case 
the solubility, is given by: 


Y = po + x pixi + 1 pijxixj 
i lSi<j 


(Eq. 2) 


where /3 is the fitted coefficient for each term and the X’s are the for- 
mulation component variables. (The quadratic model for mixture does 
not contain any squared terms due to the constraint ZXi  = 1. In this case, 
a constant term is included since one component, poloxamer 407, is held 
constant.) 


For a given model for characterizing the response surface, one can 
determine the quality or efficiency of the experimental design. One such 
criterion is the G or global efficiency (4), which is defined by: 


loop % G = -  
nu (Eq. 3) 


where p is the number of parameters in the model, n is the number of 
points in the design, and u is max[x(X’X)-lx’]. The x is the p-dimen- 
sional vector of the model Y = /3x (e.g., for the quadratic model discussed, 
x has the elements 1, X , ,  X i X j ) ;  X is the n r p  matrix of the x’s. For the 
quadratic model ( p  = 11 here since one component is constant), the values 
of u and the G efficiency of the 14-point design described are 0.989 and 
79%, respectively. High efficiencies are generally not practical, and an 
efficiency of 50% or greater is ordinarily acceptable (4). Therefore, this 
design was used to generate the solubility data and response surface. 


EXPERIMENTAL 


Materials-Polyethylene glycol 4001 (I), glycerin2 (11), polysorbate 
602 (III), and poloxamer 4073 (IV) were used as received. 


Solubility Determinations-The drug was equilibrated in the re- 
spective solution for up to 7 days. A t  least two time points were taken for 
the solubility determinations. The solutions were filtered or centrifuged, 
and an aliquot of the filtrate or supernate was suitably diluted with 
methanol and assayed spectrophotometrically. 


RESULTS AND DISCUSSION 


The results of the solubility measurements for the different solutions 
are given in Table 111. The solubilities varied from 3 to 12.7 mg/ml and 
formed an acceptable range for response surface analysis. By using re- 
gression analysis*, the data were fitted to the quadratic model defined 


1 Union Carbide Corp. 
Emery Industries. 
Pluronic F127, BASF Wyandotte Corp. 
Maximum R2 improvement method, SAS Institute Program. 


Regression Standard Probability 
Variable Coefficient Error >F 


Intercept 
I 
111 


7.66 
41.1 2.3 0.0001 
30.6 6.1 0.0015 ~~ 


Water -4.2 .. . . . 


(1) (11) -59.9 
(1) (111) -39.3 
(I) (water) -74.2 


1.2 0.0088 
4.8 0.0001 


11.7 0.0121 
6.5 0.0001 


(111) (water) 23.3 9.4 0.0427 


a I is polyethylene glycol 400, I1 is glycerin, and 111 is polysorbate 60 ( r2  = 0.998, 
SE = 0.12, fl = 14). 


by Eq. 2; Table IV gives the equation and regression parameters for the 
solubility equation: 


solubility = 7.66 + 41.1 (I) + 30.6 (111) - 4.2 (water) - 59.9 (I)(II) 
- 39.3 (I)(III) - 74.2 (I)(water) + 23.3 (III)(water) (Eq. 4) 


This eight-parameter model gives the best fit to the data with all coeffi- 
cients significant a t  the 95% confidence level. As might be expected, both 
polyethylene glycol 400 and polysorbate 60 have strong linear effects, 
which also were observed in solubility measurements with independent 
components. Several two-factor nonlinear terms show synergistic or 
antagonistic relationships between the different components and the 
solubility; however, a mechanistic interpretation of these terms must be 
done with caution since some coefficients are cross-correlated with the 
linear terms. 


The equation, however, can be used for two purposes: ( a )  to calculate 
solubilities for any combination of components within the defined region, 
and ( b )  to generate contour plots of the response surface for delineating 
the behavior of the system within the region. Figure 2 shows a plot of 
calculated versus observed solubilities for some points within the region. 
The agreement is excellent over the entire solubility range; therefore, the 
equation may be used for calculating solubilities in any formulation of 
interest, which is of considerable value in development work. 


Contour plots are useful for observing trends within the system, and 
they also provide a choice of alternative formulations for a given value 
of the response. Since this is a four-variable system, the effect of all four 
variables cannot be simultaneously represented. Hence, contour plots 
were made at the point of maximum solubility within the region, holding 
one component constant. The maximum solubility of 12.8 mg/ml is at 
polyethylene glycol 400 = 0.4, glycerin = 0.12, polysorbate 60 = 0.08, and 
water = 0.3, which is one vertex of the region. Figure 3 shows one such 
contour plot holding polysorbate 60 at 0.08. The equation below the figure 
describes the contours and is generated from the original equation by 
substituting polysorbate 60 = 0.08. The triangle in the center is the region 
of interest. 


1 2 3 4 5 6 7 8 9 1 0 1 1  
SOLUBILITY OBSERVED, mglrnl 


Figure %-Observed versus calculated solubilities (using the regression 
equation in Table IV). 
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Polyethylene glycol  400 =0!82 


Water = 


Figure 3-Contour plot a t  polysorbate 60 = 0.08. Solubility = 10.1 + 
38.0 (Z) - 2.3 (water) - 59.9 ( I ) ( I I )  - 74.2 (I)(waterJ. 


The contour plot allows the formulator to choose any desirable solu- 
bility value and to determine the corresponding mixture. More impor- 
tantly, it gives an overall picture of the response surface and the variation 
of the solubility as a function of the components. This, in turn, can be 
used to design a more robust formulation, that is, a region where the 
solubility does not vary greatly with small variations in component 
concentrations. Minor variations in production, therefore, would not 
result in drastic effects on the product. In addition, the following obser- 
vations may be made from Fig. 3: 


1. If one moves along the line glycerin = 0.1 (line a in Fig. 3) toward 
increasing polyethylene glycol 400, the solubility increases more slowly 
a t  lower polyethylene glycol 400 concentrations but increases more rap- 
idly at  higher levels. 


2. If one moves along the line polyethylene glycol 400 = 0.1 (line b in 
Fig. 3) and replaces glycerin by water, the solubility changes only mar- 
ginally. Hence, in changing the mixture from 40% glycerin to 10% glycerin 
by replacing with water, there is a change in solubility of only -1 mglml. 
This information could be very useful if one were also concerned, for 
example, with the viscosity of the solution. The viscosity could be de- 


creased considerably without compromising the solubility signifi- 
cantly. 


Similar contour plots can be drawn holding different variables con- 
stant. These plots are not included here, but the interpretations are 
analogous to those made earlier. 


From this analysis, i t  is evident that  the extreme vertexes method in 
formulation development is a powerful approach to characterizing a 
formulation with a minimum number of experiments. (Factorial designs 
can be used for mixture problems only if one neglects the nth component, 
generally the least responsive, in generating the design. However, this 
approach may not give an optimum design.) This approach assumes even 
greater significance when more than one response must be studied since 
it allows optimization of the formulation with respect to the several re- 
sponses simultaneously. This is easily done by overlapping contour plots 
of the different responses and choosing the region that satisfies all re- 
sponse criteria. An additional feature of the method is that one could first 
perform experiments only at  the vertexes; if these experiments gave ac- 
ceptable values for for the response, the design could be completed. 
Otherwise, the experimental region could be shifted to another area where 
the response might be more favorable, and the process could be re- 
peated. 
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Abstract A simple radioimmunoassay was developed tor the mea- 
surement of flunisolide in human plasma or serum. Plasma extraction 
was not required. Antiserums were produced in rabbits by immunization 
against the flunisolide 21-hemisuccinate-bovine serum albumin conju- 
gate. Cross-reactivities were determined for cortisol and a major me- 
tabolite of flunisolide and were 0.02 and 0.06%, respectively. Assay sen- 
sitivity is in the 100-200-pg/ml range. Accuracy studies gave regression 
lines of y = 1.06x, r = 1.00, for a 0.1-ml plasma aliquot and y = 0.99x, r 
= 0.99, for a 0.2-ml plasma aliquot. The accuracy of the method was es- 


timated to be at  least f15%. The method was used to determine plasma 
concentration-time profiles in human subjects after the administration 
of a 1.0-mg iv dose. 


Keyphrases 0 Flunisolide-radioimmunoassay, human plasma or 
serum, plasma concentration-time profiles Corticoids-flunisolide, 
radioimmunoassay, human plasma or serum, plasma concentration-time 
profiles Radioimmunoassay-flunisolide, human plasma or serum 


Flunisolide (6a-fluoro-ll~,l6a,17,21-tetrahydroxy- 
pregna-1,4-diene-3,2O-dione cyclic 16,17-acetal with ace- 
tone, I) is a fast acting corticoid designed for use in the 
treatment of allergic rhinitis, asthma, and other respiratory 
disorders in humans (1-4). 


Since the intended use of this drug was for the treatment 
of respiratory and upper respiratory disorders, its ad- 
ministration in an inhalation dosage form was a require- 


ment. Since the amount of drug delivered by inhalation is 
generally small, the plasma levels achieved can be expected 
to be low. 


This paper describes a selective and sensitive radioim- 
munoassay for the measurement of flunisolide in plasma 
or serum. This method was developed to provide data for 
the determination of certain pharmacokinetic parameters 
in humans, e.g. ,  plasma clearance, elimination half-life, and 
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Simultaneous Determination of Hydrochlorothiazide and 
Triamterene in Capsule Formulations by High-Performance 
Liquid Chromatography 
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Abstract A stability-indicating, high-performance liquid chromato- 
graphic method is presented for the simultaneous determination of hy- 
drochlorothiazide and triamterene in two-component capsule formula- 
tions. An aliquot of the sample is dissolved in a mixture of acetonitrile 
and aqueous acetic acid, mixed with rn-hydroxyacetophenone as an in- 
ternal standard, and chromatographed on octadecylsilane bonded to 
microparticulate silica using 80% acetate buffer (pH 5.0,0.004 M)-15% 
acetonitrile-5% methanol as the mobile phase. The relative standard 
deviations are f1.1-1.6% for hydrochlorothiazide and f1.7-2.2% for 
triamterene for two formulations. Recoveries of the two drugs added to 
placebos ranged from 98.4 to 1.01.7%. 


Keyphrases Hydrochlorothiazide-simultaneous determination by 
high-performance liquid chromatography with triamterene, capsule 
formulations Triamterene-simultaneous determination by high- 
performance liquid chromatography with hydrochlorothiazide, capsule 
formulations High-performance liquid chromatography-simulta- 
neous determination of hydrochlorothiazide and triamterene, capsule 
formulations 


A combination dosage form of triamterene and hydro- 
chlorothiazide is indicated in the treatment and manage- 
ment of edema and hypertension. Several methods are 
available for. the assay of hydrochlorothiazide, alone (1-3) 
or in combination with other drugs such as methyldopa (4), 
hydralazine ( 5 ) ,  reserpine (5,6), and furosemide (7), and 
other diuretic-antihypertensive drugs of the thiazide 
family (8). These methods range from nonspecific ap- 
proaches such as titrimetry, spectrophotometry, and po- 
larography to specific determinations by high-performance 
liquid chromatography (HPLC). Triamterene has been 
assayed by absorption spectroscopy, fluorescence, and 
TLC fluorometry (9-11). 


While separation of triamterene and hydrochlorothi- 
azide from other diuretic-antihypertensive drugs by 
HPLC was reported (12, 13), no details are available for 
the specific assay of the two drugs in a dosage form. Fur- 
thermore, there are no indications in the literature whether 
the HPLC separations obtained are specific for the intact 
drug substances only. A direct method for the simulta- 
neous determination of triamterene and hydrochlorothi- 
azide, used to study the dissolution rate of a tablet dosage 
form (14), also does not differentiate between the drugs 
and their respective degradation products. 


This paper reports a simple, rapid, and precise stabil- 
ity-indicating assay for triamterene and hydrochlorothi- 
azide in capsule formulation by HPLC. 


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. 


able-wavelength detector3. The separation was performed on a 30-cm 
X 4-mm i.d. column containing microparticulate-bonded (10-pm) octa- 
decylsilane material4. The chromatographic peaks were electronically 
integrated and recorded5. 


Mobile Phase-A solution of 20 ml of 0.2 M sodium acetate6 adjusted 
to pH 5.0 with acetic acid was mixed with 780 ml of water, 150 ml of ac- 
etonitrile7, and 50 ml of methanol7. The solution was filtered, degassed 
under vacuum, and used as the mobile phase. 


Internal Standard Solution-A solution of m-hydroxyacetophenone* 
(3 mg/ml) in acetronitrile-water.(l:l) was used as the internal stan- 
dard. 


Standard Preparation-A stock solution of hydrochlorothiazide was 
prepared using 100 mg of USP reference standard dissolved in 200 ml of 
acetonitrile. Stock triamterene solution was prepared by adding 25 ml 
of acetonitrile, followed by 4 ml of acetic acid, to 100 mg of USP reference 
standard, slurrying well, dissolving, and diluting to 100 ml with water. 


A working standard solution was prepared by mixing 5 ml of each stock 
solution with 10 ml of the internal standard solution and diluting to 100 
ml with water. 


Sample Preparation-An aliquot of a powder blend from 10 capsules 
of a commercial formulationg, equivalent to 50 mg of hydrochlorothiazide 
and 100 mg of triamterene, was slurried with 25 ml of acetonitrile followed 
by 4 ml of acetic acid. The mixture was shaken well for 5 min, mixed with 
10 ml of internal standard solution, dissolved, and diluted to 100 ml with 
water. A portion of the solution was filtered through a polycarbonate 
membranelo using a filter assembly" and was analyzed. 


Analysis-The chromatographic conditions used for the analysis were; 
flow rate, 2 ml/min; detector, 273 nm, 0.1 aufs; injection volume, 40 pl; 
and temperature, ambient. 


Quantitative determinations were made by comparison of the peak 
area ratios of hydrochlorothiazide and triamterene to the m-hydroxy- 
acetophenone from a sample injection to the corresponding area ratios 
from a standard injection. 


RESULTS AND DISCUSSION 


The HPLC system described by Honigberg et al. (13) provided ex- 
cellent separation of hydrochlorothiazide and triamterene in a com- 
mercial formulationg. However, when formulations degraded by acid and 
alkali reflux were examined, a degradation product of triamterene eluted 
on the shoulder of the hydrochlorothiazide peak. Therefore, the mobile 
phase was modified to provide for adequate resolution of the various 
components of degraded formulations. 


Figure 1 shows a typical chrbmatogram from the analysis of a formu- 
lation. The detection wavelength of 273 nm was chosen so that the peak 
area ratios of both drugs to the internal standard were close to unity. 


Triamterene is only slightly soluble in water and forms insoluble 
complex salts with mineral acids (15). The complexes formed with acetic 
acid are reportedly (15) more soluble than the inorganic acid complexes. 
The use of acetic acid and the order of addition of the solvents are critical 
in the rapid dissolution of the formulation. 


Hydrochlorothiazide is susceptible to both acid and alkaline hydrolysis 
and yields formaldehyde and 4-amino-6-chloro-m-benzenedisulfonamide 


3 Model SF 770 Spectroflow monitor, Schoeffel, Westwood, N.J. 
4 pBondapak CIS, Waters Associates, Milford, Mass. 
5 Model 3385A automation system, Hewlett-Packard, Avondale, Pa. 
6 Analytical reagent, Mallinckrodt, St. Louis, Mo. 
7 Distilled in glass, Burdick & Jackson,. Muskegon, Mich. 
8 Aldrich Chemical Co., Milwaukee, WIS. 


10 Nuclepore Corp., Pleasanton, Calif. 
11 Swinnex, Millipore Corp., Bedford, Mass. 


Dyazidem, Smith Kline and French Laboratories, Philadelphia, Pa 


0022-35491 8 11 0900- 1083$0 1 .OOl 0 
@ 198 1, American Pharmaceutical Association 


Journal of Pharmaceutical Sciences I 1083 
Vol. 70. No. 9, September 1981 







1 


INJECT I 


3 4  


2 


i 


0 4 8 12 
MINUTES 


Figure 1-Chromatogram of typical commercial capsule formulation. 
Key: 1 ,  hydrochlorothiazide; 2, m-hydroxyacetophenone; and 3, tri- 
amterene. 


on degradation (16, 17). Although the degradation products of triam- 
terene are not described in the literature, hydrolysis with 5 N HC1 re- 
portedly produced the 4-hydroxy and 7-hydroxy analogs of triamterene 
(18). Samples of the formulation were refluxed in 1 N HCl, 1 N NaOH, 
and water to observe the hydrolytic effects and resultant changes in the 
chromatogram. In a separate experiment, triamterene alone was subjected 
to similar hydrolytic stress for 3 hr. No degradation of triamterene was 
observed on water reflux, although total degradation resulted on base 
reflux and -50% degradation occurred under acid reflux. 


Figure 2 shows a chromatogram obtained from the injection of a mix- 
ture of acid- and alkali-degraded formulation. Alkali reflux of triamterene 
produced predominantly peak 7 with minor amounts of peak 2. Acid re- 
flux resulted in larger amounts of peaks 2 and 4 with a trace of peak 7. 
The refluxed solutions were filtered and neutralized. Upon neutralization, 
precipitates formed in both the acid and base hydrolyzates. These pre- 
cipitates were analyzed by HPLC. mass spectrometry, and spectropho- 


triamterene: R = NH, 
peak 7 analog: R, = OH, R, = R, = NH, in alkali 
peak 4 analog: R, = OH, R, = R, = NH, in acid 
peak 2 analog: R, = OH, R ,  = R, = NH, in acid 


Scheme I 


3 


2 


INJECT 4 qh 
I I I I 1 
0 4 8 12 16 


MINUTES 


Figure 2-Chromatogram of acid- and alkali-degraded commercial 
formulation. Key: 1,4-amino-6-chloro-m-benzenedisulfonarnide; 2,4,  
and 7, degradation products of triamterene; 3, hydrochlorothiazide; 5, 
m-hydroxyacetophenone; and 6, triamterene. 


tometry. By mass spectrometry, both precipitates showed mlz 254 but 
with different fragmentation patterns, suggesting that they were posi- 
tional isomers of the hydroxy analogs of triamterene (Scheme I). 


Based on the spectral properties in acidic and basic media and com- 
parison to the synthetic hydroxypteridines prepared by Spickett and 
Timmis (18), peak 7 (the major alkaline degradation product) was 
identified as 4,7-diamino-2-hydroxy-6-phenylpteridine and peak 4 was 
identified as 2,7-diamino-4-hydroxy-6-phenylpteridine. Peak 2 probably 
is the 7-hydroxy analog isolated (18) upon acid hydrolysis of 2,4,7-tri- 
amino-6-phenylpteridine. Since peak 2 elutes earlier, the compound may 
have higher solubility than the 4- and 2-hydroxy compounds and is not 
precipitated on neutralization of the hydrolyzates. The major degradation 
pathways are represented in Scheme I. 


The mass spectra of the identified compounds are in agreement with 
the proposed assignments. Since all components are adequately resolved 
from each other and the internal standard, the method indicates the 


Table I-HPLC Analysis of Hydrochlorothiazide-Triamterene 
Capsule Formulations 


Hydrochlorothiazide Triamterene 
Parameter Product 1" Product IIb Product I" Product 116 


Number of analyses 9 9 9 9 
Milligrams per 25.8 25.5 51.0 51.3 


capsule (mean) 
RSD, % f1.6 fl.1 f2.2 f1 .7  


a Dyazidb, Smith Kline and French Laboratories, Philadelphia, Pa. Abbott 
Laboratories. North Chicago, Ill. 
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stability of the drugs in the formulation. None of these degradation 
products was detected in a formulation subjected to high-temperature 
stability testing. 


The linearity of the detector response was established for hydrochlo- 
rothiazide in the range of 15-30 mg/capsule ( r  = 1.000, y-intercept = 
0.002) and for triamterene in the range of 30-70 mg/capsule (r = 1.000, 
y -intercept = 0.04). Standard addition-recovery experiments performed 
in two different placebos a t  various drug levels showed recoveries of 
98.4-101.7% for hydrochlorothiazide ( n  = 12, CV = f1.2%) and 99.5- 
102.0% for triamterene (n = 12, CV = rtO.9%). 


The reproducibility of the method was demonstrated by performing 
replicate analyses on a commercial formulationg and another experi- 
mental formulation with different excipients. The statistical data gen- 
erated from these analyses are presented in Table I. 


In conclusion, HPLC provides a rapid and precise method for the 
quantitative determination of hydrochlorothiazide and triamterene in 
a combination oral dosage form. The method is sensitive to the degra- 
dation products of these drugs and is free from interference due to ex- 
cipients in the products examined. 
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Abstract 0 Seven independent testing sites received metered-dose 
aerosols containing a standard test solution to assess a newly designed 
protocol for studying the reproducibility of metered-dose aerosol valves. 
In accordance with the rather small sampling protocol design, the amount 
of product dispensed per actuation was measured over the life of the 
aerosol a t  designated regions of actuation. A statisticak analysis of the 
data collected a t  each testing site clearly indicated that the testing pro- 
tocol is sufficiently reliable and workable for assessing the reproducibility 
of valve delivery for a given lot of metered-dose valves. 


Keyphrases 0 Aerosols-testing procedure for establishing the repro- 
ducibility of metered-dose valves Inhalation products-testing pro- 
cedure for establishing the reproducibility of metered-dose aerosol valves 


Valve delivery-metered-dose aerosols, testing procedure for estab- 
lishing reproducibility 


Test methods, including specific gravity, net contents, 
vapor pressure, moisture content, spray patterns, and 
particulate-size determinations, have been established for 
determining the acceptance of metered-dose aerosol valves 
for pharmaceutical use ( 1 4 ) .  Reproducibility of the dosage 
delivered may be determined by assay techniques which 
establish the amount of active (5). Although USP XX (6) 
includes metered-dose inhalation products in the mono- 


graphs and establishes some standards with which these 
metered-dose products must comply, little has been done 
in establishing a uniform test procedure for all metered- 
dose products. 


The Aerosol Specification Committee' elected to es- 
tablish a simple and uniform test method for metered-dose 
aerosol valves by examining the uniformity of valve de- 
livery (amount of solution delivered by the valve) within 
a valve and between individual valves in any given lot. The 
procedure outlined in this study provides a means for 
manufacturers to assess the reproducibility of valve de- 
livery for a given lot of metered-dose valves throughout the 
life of the product. 


EXPERIMENTAL 


Aerosol Test Solutions-Pharmaceutical test solutions were prepared 
by taking 0.10% by weight of isopropyl myristate2 and adding i t  t o  a 
mixture of 24.90% by weight of trichloromonofluoromethane (Propellant 


~~~ ~~ ~~~~ ~~ 
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Abstract 0 A series of co(po1yether)polyurethane polymers containing 
polyethylene glycol 600, 1000, or 1540 was synthesized, purified by 
reprecipitation, and cast into clear, tough, flexible membranes using the 
solution method. Hydration and membrane swelling increased with in- 
creasing polyethylene glycol molecular weight. Paroxypropione, 5-ni- 
trosalicylic acid, sulfaguanidine, and phenylbutazone were used as pen- 
etrants at a 1 mM donor concentration. Transport rates through the 1540 
and 1000 copolymer membranes were in decreasing order: paroxypro- 
pione > 5-nitrosalicylic acid > sulfaguanidine > phenylbutazone; how- 
ever, through the 600 copolymer membrane the rates were paroxypro- 
pione >> 5-nitrosalicylic acid - sulfaguanidine. Phenylbutazone did not 
penetrate during the experiment. Good agreement was obtained between 
apparent diffusion coefficients calculated by both the time lag and 
nonsteady-state methods. Boundary layer effects were examined by 
variations in stirring speeds. Evidence that diffusion may occur primarily 
through the aqueous region of the hydrated membranes is presented. 


Keyphrases 0 Model membrane systems-polyurethane copolymers, 
permeability and sorption characteristics 0 Copolymers, polyure- 
thane-model membrane systems, permeability and sorption charac- 
teristics 0 Permeability-polyurethane copolymers, model membrane 
systems, permeability and sorption characteristics 


The systematic modification of a polymer structure to 
alter its diffusional characteristics is a promising approach 
for the development of new model membranes and drug 
delivery systems. It was suggested (1) that the hydro- 
philic-hydrophobic character of a membrane may be 
controlled by suitable structural modifications. Mem- 
branes, while combining the seemingly opposite properties 
of mechanical strength and the ability to swell in water, 
have been prepared by copolymerization of hydrophilic 
and hydrophobic reactants (2-4). The membranes formed 
from these copolymers allowed the transport of permeants 
a t  rates comparable to porous dialysis membranes, but 
with the apparent selectivity of partitioning-type mem- 
branes (5). 


Therefore, a series of co(po1yether)polyurethane poly- 
mers composed of hydrophilic polyethylene glycol 600, 
1000, or 1540 blocks and hydrophobic urethan segments 
was synthesized and characterized as described previously 
(6). The purpose of this study was to determine the 
mechanism of diffusion for a group of ionizable permeants 
with a wide range of physical and chemical properties. 
Sorption of the permeants, paroxypropione, 5-nitrosali- 
cylic acid, sulfaguanidine, and phenylbutazone, were ex- 
amined. The system was also analyzed for boundary layer 
effects. 


EXPERIMENT A L 


Materials--Paroxypropionel, 5-nitrosalicylic acid', sulfaguanidine2, 
and phenylbutazonez were used as received. 


Eastman Organic Chemicals, Rochester, NY 14650. 
Sigma Chemical Co., St. Louis, MO 63178. 


Methods-Beer's law plots were prepared for each permeant a t  27, 
37, and 47" in 0.05 M phosphate buffer. A thermostated UV-cell holder 
was used to control sample temperatures during spectrophot~metric~ 
analysis. 


Permeability of the polymer membranes was studied at 27,37, and 47" 
using the described permeants a t  constant donor concentrations. A dif- 
fusion cell similar to one designed by Flynn and Smith (7) was used (6). 
The donor side was connected uia tubing4 from its sampling ports to a 
two-channel tubing pump5 and an open donor solution reservoir. The 
receiving side of the diffusion cell was similarly connected to a UV micro 
flowcel16 and the other channel of the tubing pump. The tubing on the 
receiving side, between the UV micro flowcell and tubing pump, was cut 
to facilitate filling the receiving side of the diffusion cell. Pieces of tubing7 
were used in the tubing pump drive, for connections to the sampling ports 
and UV micro flowcell, and to reconnect the break in the receiving side 
tubing after filling. Internal stirring speeds were controlled by using a 
synchronous motol.8 attached through an external gear system. 


A diffusion experiment was begun by mounting a hydrated membrane 
between the halves of the diffusion cell. The assembled diffusion cell was 
placed into its cell holder which, in turn, was immersed in a specially 
constructed water bath maintained a t  the desired temperature f0.3". 
The receiving side of the diffusion cell, tubing, and UV micro flowcell were 
filled with preheated buffer by turning on the pump. In all cases, the 
buffer was 0.05 M phosphate a t  pH 7.5. The tubing was connected under 
the surface of the buffer t o  exclude air from the system. 


The spectrophotometer, with the UV micro flowcell in place, was zer- 
oed against the blank buffer in a 1-cm quartz cell. The connecting tubing 
on the donor side was then pumped full of preheated 0.001 M permeant 
in buffer from the 200-ml donor reservoir. To initiate diffusion across the 
membrane, preheated permeant solution was injected into the donor side 
chamber through a sampling port using a glass syringe. The donor side 
tubing from the donor reservoir, which had been left unattached so that 
solution could be injected, was secured to the sampling port, and the 
absorbance was recorded continuously uersus time. Sink conditions were 
maintained in all cases. The two-channel tubing pump was set to deliver 
-18 ml/min. The exact flow rate was determined prior to a diffusion 
experiment by measuring the amount of solution delivered in 3 min. 


The use of a donor solution reservoir ensured a constant donor solution 
concentration and thus eliminated the possibility that a significant 
portion of permeant would be sorbed by the membrane. Zentner et al. 
(8) discussed the treatment of diffusion data under these conditions. 


Membranes were removed from the glass plates after hydration with 
buffer and were soaked for a t  least 20 min before use. 


Permeability characteristics of the polymers were determined as a 
function of the drying time of the membranes, which were heated at  50" 
for up to 4 days. Normally, membranes were cast, dried at  50" overnight, 
and then stored in a desiccator a t  room temperature. 


Permeability characteristics were also examined as a function of the 
length of time the membranes were stored in the desiccator after an initial 
drying time of 8-12 hr a t  50". Membranes cut from the same casting were 
stored for up to 10 days before hydrating and performing the diffusion 
experiments. 


Distribution coefficients were determined in triplicate using a solution 
depletion method a t  27,37, and 47" for each permeant. The initial ab- 
sorbate concentration was the same as the permeant donor solution 


Model DB-G, Beckman Instruments, Fullerton, CA 92634. 
Teflon. 
Masterflex pump drive (5-100 rpm) with pump head No. 7016 and add-on pump 


head No. 7016, Cole-Parmer Instruments Co., Chicago, IL 60648. 
Model 8871, Beckman Instruments, Fullerton, CA 92634. 
Silastic, Tygon. * Hurst Manufacturing Corp., Princeton, IN 47570. 
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Figure 1-Representative plot of diffusion through the 1540 copolymer 
membranes at 37' and 200 rpm for paroxypropione (+), 5-nitrosalicylic 
acid (m), sulfaguanidine (*), and phenylbutazone (a) normalized for 
membrane thickness. 


concentration in the diffusion experiments. The time required to reach 
equilibrium for each polymer was estimated by preliminary absorption 
and diffusion experiments to be -4 hr for the 1540 copolymer, 12 hr for 
the 1000 copolymer, and 24 hr for the 600 copolymer. 


The permeant solution in each tube was assayed spectrophotometri- 
cally, and an experimental distribution coefficient was calculated by: 


(Eq. 1) 


where K is the distribution coefficient, Ws is the equilibrium weight of 
permeant sorbed calculated from the concentration of the solution before 
and after sorption, VW is the membrane wet volume, and Cs is the ab- 
sorbate concentration in micrograms per milliliter remaining in solution 
after absorption completion. 


T o  use this method, i t  was necessary to obtain a value for VW. After 
absorption was complete, the membranes were removed from the solu- 
tions and dried overnight between two sheets of filter paper a t  50". Each 
membrane was then weighed to obtain the membrane dry weight, which 
was converted to wet volume, V,, by: 


K = -  WSlVW 
cs 


VR WD 
PD 


v, =- (Eq. 2) 


where W D  is the dry weight of the membrane, p~ is the dry density, and 
V R  is the ratio of the wet membrane volume to the dry membrane volume. 
The p~ and VR values were averages calculated from the wet and dry 
dimensions of three sample membranes of each type of polymer as de- 
scribed earlier (6). 


RESULTS AND DISCUSSION 


Fabrication of the polymers into membranes results in the exposure 
of a large surface area of polymer to the potentially deleterious effects 
of 1ight.and moisture. No changes were observed in the diffusional 
characteristics of the membranes with increases in either drying or storage 
time. 


Figure 1 is a representative plot showing the diffusion of all four per- 
meants at 37' through the 1540 copolymer membrane, This plot was 
normalized for thickness of the membrane by multiplying the moles of 
permeant diffused by the thickness of the membrane. The rank order of 
transport was paroxypropione > 5-nitrosalicylic acid > sulfaguanidine 
> phenylbutazone in both the 1540 and loo0 copolymer membranes. The 
rank order of transport was paroxypropione >> sulfaguanidine 2 5-ni- 


trosalicylic acid in the 600 copolymer. Phenylbutazone did not penetrate 
during the experiment. 


Figure 2 is a composite plot representing the permeability of paroxy- 
propione through the three different membranes a t  37". The rank order 
of permeability was 1540 copolymer > 1000 copolymer >> 600 co- 
polymer. 


The apparent permeability coefficient, P', for each permeant was 
calculated from steady state using: 


(Eq. 3 )  


where dmldt is the steady-state slope (mass per second), h, is the 
membrane thickness (centimeters), A is the diffusional area of the 
membrane (square centimeters), and c d  is the donor solution concen- 
tration (moles). 


The apparent diffusion coefficient, D', was calculated for each per- 
meant in each polymer, except 5-nitrosalicylic acid and sulfaguanidine 
in the 600 copolymer, by: 


where t L  is the apparent lag time intercept and t ,  is the time required 
for the receiving side chamber contents to reach the UV micro flowcell. 
The term t ,  is given by: 


3.7 ml 
pumping rate (mllsec) t ,  = (Eq. 5) 


where 3.7 ml is the volume of the section of tubing leading from the dif- 
fusion cell to the UV micro flowcell. The results of the permeability ex- 
periments are shown in Table I for the 1540 copolymer. 


Under certain circumstances, it may not be feasible to continue a dif- 
fusion experiment until steady-state diffusion is reached (9). An equation 
was derived to evaluate the diffusional parameters during the non- 
steady-state period (10, l l ) :  


where M is the amount permeated a t  t ,  the corrected time ( t  - t,) in 
seconds; Cd is the concentration of the donor solution (M); K is thedis- 
tribution coefficient; and h, is the thickness of the membrane. Use of 
the equation is restricted to early nonsteady-state diffusion across a single 
barrier. From the slope of a plot of log Mlt'.5 versus l l t ,  the apparent 
diffusion coefficient of the permeant in the membrane can be calculated. 


MINUTES 


Figure %-Representative plot of diffusion of paroxypropione at 37" 
through 600 copolymer (a), 1000 copolymer (+), and 1540 copolymer 
fm) membranes at 30,200, and 200 rpm,  respectively, normalized for 
membrane thickness. 
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Table I-Results of Diffusion Experiments a with the 1540 Copolymer 


- 4  


Apparent Permeability Apparent Diffusion 
Coefficient X 106, Coefficient x 108, 


cmVsec cm2/sec 
Perrneant Temperature 30 rpm 200 rpm 30 rpm 200 rpm 


Paroxypropione 


5-Nitrosalicylic acid 


Sulfaguariidine 


Phenylbutazone 


27" 
37O 
47O 
27' 
37O 
47O 
27' 
37" 
470 
27' 
370 
470 


1.2 
1.8 
2.1 
1.3 
1.6 
1.8 
1.0 
1.1 
1.2 
0.60 
0.73 
1.0 


2.2 
3.0 
3.3 
1.8 
2.4 
2.9 
1.4 
1.5 
1.8 
0.8 
1.1 
1.4 


2.3 
3.6 
4.7 
3.4 
4.4 
5.6 
5.9 
8.2 
8.2 
1.4 
1.9 
2.5 


5.1 
7.5 
8.7 
6.3 
9.7 


13.0 
12.0 
16.0 
22.0 
2.4 
3.2 
4.2 


a Each value is the mean of three experiments. 


This approach was used for the calculation of D' for the diffusion of 5- 
nitrosalicylic acid and sulfaguanidine across the 600 copolymer since 
penetration was relatively slow. Boundary layer effects were negligible 
in this membrane. Permeability data are given in Table 11. 


Since paroxypropione penetrates the 600 copolymer rapidly enough 
to use the lag lime steady-state method to calculate D', the applicability 
of Eq. 6 was te;ted by calculating D' utilizing both methods. The resulting 
apparent diffusion coefficient from the lag time was 1.5 X cm2/sec, 
while the diffusion coefficient calculated using the nonsteady-state 
method was 1.2 X lo-$ cm2/sec. 


Boundary layer effects can be seen in Table I. The apparent perme- 
ability coefficient for the permeants in the 1540 copolymer increased with 
an increasing stirring rate. In Fig. 3, the apparent permeability coeffi- 
cients from a series of diffusion experiments for 5-nitrosalicylic acid 
through the l!j40 copolymer a t  37O are plotted uersus stirring rates of 
10-200 rpm. The apparent permeability coefficient increased with in- 
creasing stirring rate due to a reduction in thickness of the boundary 
layers on either side of the membrane. The boundary layer contribution 
was observed because of the relatively high diffusion coefficients of 5- 
nitrosalicylic acid in the 1540 copolymer. 


This change is predicted for a series barrier where the boundary layers 
contribute a significant amount of resistance to the overall barrier re- 
sistance (8,12- 14). If diffusional processes are assumed to offer the most 
resistance to the overall permeation process, then under steady-state 
diffusion conditions and boundary layers of equal thickness: 


(Es. 7) 
F=- c d  


2h1 hm 
Daq KD 
-+- 


where F is the flux, c d  is the penetrant concentration in the bulk donor 
solution, hl is the boundary layer thickness, h, is the membrane thick- 
ness, Daq is the diffusion coefficient for the permeant in the aqueous 
phase, D is the diffusion coefficient for the permeant in the membrane, 
and K is the distribution coefficient. The terms in the denominator are 
defined as the aqueous boundary layer resistance and the membrane 
resistance to diffusion, respectively (15). 


Table 11-Results of Diffusion Experiments with the 600 
Copolymer at 30 rpm 


Apparenta Apparent 
Permeability Diffusion 
Coefficient Coefficient 


Tempera- x 108, x 109, 
Permeant ture cm*/sec cm2/sec 


Paroxypropione 27O 11.0 1.6 
37O 17.0 2.6 
47O 27.0 4.8 


5-Nitrosalicylic: acid 27O 
37O 1.3 0.6 
47O 2.6 1.4 


Sulfaguanidine 27' 0.5 0.5 
37O 0.5 0.8 
470 n.9 1.9 


- - 


a Apparent P is the product of D and the distribution coefficient. 


Boundary layer effects were not significant in the 600 copolymer since 
an increase in P' for paroxypropione in the 600 copolymer a t  37" was not 
seen with increased stirring rates. Thus, P' was calculated as 1.7 X 
cm2/sec at  both 30 and 200 rpm. 


The apparent diffusion coefficient, D', was also affected by changes 
in boundary layer contributions (Table I). This effect on D' is due to the 
use of t ~ ,  which is sensitive to the effects of the boundary layers. 


The contribution of boundary layer resistance to the overall resistance 
of the barrier can be evaluated by plotting 1/P uersus l/hm, as suggested 
by Hwang et al. (141, using 


1/pt=-+-- (Eq. 8)  


where P is the permeability coefficient adjusted for the boundary layer 
contribution. The slope of such a plot is the resistance due to the 
boundary layer, &h,, and the reciprocal of the intercept is P. Figure 4 
shows such a plot for the diffusion of 5-nitrosalicylic acid at  37O through 
the 1540 copolymer a t  four stirring speeds. Table 111 contains the values 
of P and D for the four stirring speeds. These P and D values are essen- 
tially constant when compared to Fig. 3, which suggests that the boundary 
layer contribution was largely eliminated. 


Figure 5 shows that the relative contribution of the membrane resis- 
tance to the overall barrier resistance increases with increasing stirring 
rate. The resistance of the membrane, R,, is given by: 


1 2hl 1 


P Daqhm 


(Eq. 9) 


0 
0 50 100 150 200 


STIRRING RATE, rpm 


Figure 3-Effect of stirring rate on the apparent permeability coeffi- 
cient of 5-nitrosalicylic acid in the 1540 copolymer a t  37'. 
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Figure 4-Analysis of boundary layer effects of the diffusion of  5-ni- 
trosalicylic acid in the 1540 copolymer at 37' and stirring speeds of 10 
(a), 30 (m), 60 (A), and 200 (*) rpm. 


Table 111-Dependence of Apparent Permeability Coefficient on 
Stirring Rate and Adjustment for Boundary Layer Effect of 
Diffusion of 5-Nitrosalicylic Acid in 1540 Copolymer Membrane 
a t  37" 


Apparent 
Revolu- Permeability Permeability Diffusion" 


tions Membrane Coefficient Coefficient Coefficient 
per Thickness x 106, x 106, x 108, 


Minute X lo3,  cm cm2/sec cm2/sec cm2/sec 


4.9 1.45 
5.8 1.61 


4.0 2.1 
7.1 2.8 


Calculated from PIK where K = 20.8. 


.. - 
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Figure 5-Effect of stirring rate on the contribution of membrane re- 
sistance to  the overall resistance of the barrier at 37" for 5-nitrosalicylic 
acid in the 1540 copolymer. 


where h ,  is the membrane thickness (taken as 5.08 X cm) and P is 
the reciprocal of the intercept of Eq. 8. 


The diffusion data adjusted for boundary layer effects for the 1540 
copolymer and the 1000 copolymer are given in Tables IV and V. The 
diffusion data for the 600 copolymer were not adjusted for boundary layer 
effects since no significant effects were observed. The adjusted P and D 
values are in the same rank order as the apparent permeability and ap- 
parent diffusion coefficients but are preferred since they represent the 
diffusional properties of the membrane alone and not the contribution 
of the boundary layers. 


For each permeant, as the percent polyethylene glycol (or the percent 
water absorbed) increased, an increase in the magnitude of the diffusion 
coefficient was observed (Fig. 6). These results suggest that the extent 
of hydration of the membrane greatly influenced the diffusivity of a 
permeant in these membranes. 


This dependence of D on the hydration state of the membrane may 
be explained by the free volume theory (16,17), which is given by: 


In D = In D,,4q2 - V*/Vf,l (; - - 1 ) (Eq.10) 


where D is the diffusion coefficient for the permeant in the swollen 
membrane, D,, is the aqueous diffusion coefficient for the permeant, 492 
is the probability of finding a hole unobstructed by polymer large enough 
for the molecule to diffuse through, V* is a characteristic volume pa- 


Table IV-Results of Diffusion Experiments for the 1540 Copolymer a t  200 rpm Adjusted for Boundary Layer Effects 


Diffusionb Percentc 
Slope Intercept Permcability Coefficient Resistance 
x 102, x 105, Coefficient X 106, x 107, due to 


Permeant Temperature sec/cm sec/cm2 r2 cm2/sec cm2/sec Membrane 


Paroxypropione 27" 
310 
470 


5-Nitrosalicylic acid 210 


Sulfaguanidine 


Phenylbutazone 


2.9 
6.4 
7.9 
3.2 
5.2 


470 9.0 1.7 0.98 5.8 
370 12.0 1.9 d 


27O 
37 O 


470 
27O 


11.0 5.2 0.998 
12.0 3.9 0.963 
9.1 3.8 0.922 


20.0 9.2 0.998 


. .  


1.9 
2.5 
2.6 
1.1 


0.7 17 
1.7 45 
2.5 46 
1.2 62 
2.5 45 
3.2 49 - .~ ._ 


1.7 71 
2.6 62 
3.5 68 
0.4 70 


370 17.0 6.3 0.988 1.6 0.5 66 
470 11.0 5.0 0.944 2.0 0.7 69 


a Slope of line constructed from the results of three diffusion experiments. Calculated from PIK. c Percent of total barrier resistance provided by the membranes 
based on a membrane thickness of 0.00508 cm! Estimated from only two data points. 
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Table V-Results of Diffusion Experiments for t he  1000 Copolymer at 200 rpm Adjusted for Boundary Layer Effects 


Apparent Apparent 


Coefficient Coefficient 
Permeability Permeability Diffusion Diffusion Percent" 


Coefficient Coefficient Resistance 


cm2/sec cm2/sec cm2/sec Membrane 
x 106, x 106, x 108, x 107, due to 


Permeant Temperature cmzlsec 


Paroxypropione 27" 1.3 1.5 2.3 0.25 90 
37" 1.7 2.6 3.1 0.49 69 
47" 


5-Nitrosalicylic acid 27" 
37" 


Sulfaguanidine 
47O 
27" 
A70 -. 
47O 


Phenylbutazone 27' 


2.2 
0.8 
1.0 
1 .o 
0.5 
0.6 
0.6 
0.2 


5.1 
1.3 
1.3 
1.3 
0.6 
0.9 
0.9 
0.2 


4.6 
2.7 
4.1 
5.3 
4.1 
6.0 
6.7 
0.7 


1.10 
0.45 
0.58 
0.72 
0.50 
0.86 
1 .oo 
0.0: 


47 
68 
76 
79 
86 
76 
76 
- 


37" 0.3 0.4 0.9 0.11 90 
47" 0.5 0.7 1.2 0.19 68 


Percent of total barrier resistance provided by the membrane based on a membrane thickness of 0.00508 cm. 


rameter for the permeant, V ~ J  is the free volume of water, and H is the 
hydration of the membrane expressed as (wet volume - dry volume)/wet 
volume. 


The hydration of the membrane calculated as a weight fraction was 
used here as an approximation for H as discussed earlier (16). For a more 
rigorous treatment, the volume fraction may be used to calculate H .  


Plots of the diffusion coefficient uersus (1/H - 1) for each permeant 
(except phenylbutazone) a t  37" were made according to Eq. 10 and are 
shown in Fig. 7 .  The hydration of each polymer, H ,  was determined at  
room temperature and was used in all plots. While the water content of 
hydrogels are not necessarily temperature independent (18,19), Refojo 
and Yasuda (20) showed changes in water content of only 3-4% for some 
hydrogels over 10-90". Thus, changes in membrane hydration with 
temperature would be expected to be quite small and result in only slight 
differences in slope between the free volume plots a t  various tempera- 
tures. 


Methods to correct the data for temperature-induced changes in 
swelling (hydration) were developed (18); but due to insufficient data, 
no correction for this effect was made here. The linearity of the free 
volume plots implies that the transport of the solutes through these 
membranes occurs primarily in water-filled pores or channels within the 
membranes. 


The free volume theory of diffusion is most often applied to nonin- 
teractive systems in which the distribution coefficients range from 0 to 


1. Therefore, further study may be required to confirm the applicability 
of the free volume theory of diffusion in these more interactive poly- 
mer-permeant systems. 


Other evidence for the existence of small pores is given by the magni- 
tude of the activation energy of diffusion for the permeants in the 
membrane (7-20 kcal/mole) compared to the activation energy of dif- 
fusion for a permeant in water (-4 kcal/mole) (9). This increase implies 
that the polymer chains form small pores that can impede the transport 
of the permeant through the aqueous regions in the membrane; thus, 
more energy is required for diffusion. I t  was suggested (17) that the hy- 
drated polymer chains are relatively mobile, so that the size and shape 
of the water-filled pores or channels changes continuously. 


The ability of the polymers to absorb the permeants was studied using 
a solution depletion method at  three temperatures. The results are given 
in Table VI. The magnitude of the distribution coefficients indicates that 
a significant amount of permeant was sorbed. The rank order of the 
distribution coefficients was paroxypropione > phenylbutazone > 5- 
nitrosalicylic acid > sulfaguanidine. The distribution coefficients are not 
simply the result of permeant dissolved in water present inside the 
swollen membrane since, if this were the case, the K values would range 
between zero and 1. Since the sorption experiments were done in buffer 
a t  pH 7.5,5-nitrosalicylic acid (pKa 2.3) and phenylbutazone (pKa 4.4) 
were almost completely ionized and paroxypropione (pKa 7.8) was -50% 
ionized. At pH 7.5, sulfaguanidine (pKa 2.8) was essentially unionized. 


20 40 60 
POLYETHYLENE GLYCOL IN POLYMER, % 


Figure 6-Effect of  polyethylene glycol content on the diffusion coef- 
ficients for paro.rypropione (+), 5-nitrosalicylic acid (m), sulfaguani- 
dine (*), and p,henylbutazone (0) at 37". 


- 1 E  


-1 7 


4 
C - 


-19 


-2 1 


2 4 6 8 10 12 
1 IH-  1 


Figure 7-Free volume plot for co(po1yether)polyurethane membranes 
at 37' for paroxypropione (+), 5-nitrosalicylic acid (m), sulfaguanidine 
(*), and phenylbutazone (a). 
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Table VI-Distribution Coefficients for Permeant-Polymer Systems 


Distribution Coefficient" 
Permeant Temperature 600 Copolymer 1000 Copolymer 1540 Copolymer 


Paroxypropione 


5-Nitrosalicylic acid 


Sulfaguanidine 


Phenylbutazone 


27" 
37" 
47" 
27O 
37" 
47" 
27" 
37" 
47" 
27" 
37O 
47" 


74.8 
63.3 
51.3 
26.7 
17.7 
13.2 
9.8 
7.2 
4.7 


36.3 
33.3 
30.1 


58.6 
53.2 
46.5 
28.3 
22.3 
18.5 
12.7 
10.2 
8.2 


35.4 
34.3 
36.2 


40.2 
37.0 
31.9 
25.4 
20.8 
17.7 
11.5 
9.7 
7.6 


31.3 
30.0 
29.1 


Mean of three determinations. 


This finding suggests that these polymers are capable of sorbing both the 
unionized and ionized forms of the molecules. 


I t  can also be seen that, exceRt for paroxypropione, the distribution 
coefficients are rather insensitive to polymer composition and the re- 
sulting hydration state of the membrane. For penetrants insensitive to 
polymer composition, i t  is difficult to deduce whether the hydrophilic 
or the hydrophobic portion is primarily responsible for sorption. In the 
case of paroxypropione, the increase in the distribution coefficient with 
decreasing polyethylene glycol content of the polymer suggests an affinity 
for a more hydrophobic environment. This finding lends support to other 
suggestions (3,21) that the hydrophobic urethan block may provide a 
site for permeant interaction with these types of polymers. 


It appears that the permeant loading of the membranes may be affected 
by the distribution coefficient of the drug, but the lack of correlation 
between the distribution coefficient and permeability indicates a lack 
of support for diffusion through the membrane material itself. Perhaps 
in polyethylene glycol copolymer membranes prepared with polyethylene 
glycols with molecular weights of <600, the distribution coefficient would 
be a better predictor of membrane permeability. 


Highly ionic species are readily transported, and the apparent con- 
sistency of the data with the free volume theory for diffusion is consistent 
with the transport of some permeants through aqueous channels. That 
sorption of the various permeants by these membranes was demonstrated 
need not eliminate the aqueous channel mechanism of diffusion in favor 
of a partitioning mechanism. The sorption of permeants by the membrane 
may be, for example, a reversible binding of the permeant to the polymer 
chains. This would increase the membrane concentration of permeant 
but not necessarily require that the permeant dissolve in the polymer and 
diffuse through the polymer phase of the membrane. The permeant might 
alternatively desorb back into and subsequently diffuse through the 
aqueous phase. The path taken by the permeant through the swollen 
membrane depends on the relative permeability of the permeant in the 
aqueous and polymer phases (9). The ability of the polymer to absorb the 
penetrant had no predictive relationship with diffusion through the 
membranes. 


REFERENCES 


(1) R. E. Kesting, "Synthetic Polymer Membranes," McGraw-Hill, 


(2) D. J. Lyman, B. H. Loo, and R. W. Crawford, Biochemistry, 3, 


(3) D. J. Lyman and B. H. Loo, J .  Biomed. Muter. Res., 1 ,  17 


New York, N.Y., 1971, p. 16. 


985 (1964). 


(1967). 


7 ,3  (1973). 


1,431 (1973). 


(1981). 


(4) W. M. Muir, R. A. Gray, J. M. Courtney, and P. D. Ritchie, ibid., 


(5) D. J. Lyman and S. W. Kim, Biomat. Med. Deuices Artif. Organs, 


(6) L. E. Matheson, Jr., and W. A. Hunke, J .  Pharm. Sci., 70,571 


(7) G. L. Flynn and E. W. Smith, ibid., 60,1713 (1971). 
(8) G. M. Zentner, J. R. Cardinal, J. Feijen, and Suk-Zu Song, ibid., 


(9) G.  L. Flynn, S. H. Yalkowsky, and T. J. Roseman, ibid., 63,479 


(10) W. A. Rogers, R. S. Buritz, and D. Alpert, J. Appl. Phys., 25,868 


(11) P.M. Short, E. T. Abbs, and C. T. Rhodes, J .  Pharm. Sci., 59,995 


(12) R. G. Stehle and W. I. Higuchi, ibid., 61,1922 (1972). 
(13) Zbid., 61,1931 (1972). 
(14) S. T. Hwang, T. E. S. Tang, and K. Kammermeyer, J. Macromol. 


(15) G. L. Flynn and S. H. Yalkowsky, J.  Pharm. Sci., 61, 838 


(16) H. Yasuda, C. E. Lamaze, and L. D. Ikenberry, Makromol. Chem., 


(17) H. Yasuda and C. E. Lamaze, J.  Macromol. Sci.-Phys., B 5 , l l l  


(18) S. Wisniewski and S. W. Kim, J. Memb. Sci., 6,309 (1980). 
(19) D. E. Gregonis, G. A. Russell, and J. D. Andrade, Polymer, 19, 


(20) M. F. Refojo and H. Yasuda, J. Appl.  Polym. Sci., 9, 2425 


(21) D. J. Lyman, B. H. Loo,and W. M. Muir, Trans. Am. Soc. Artif. 


ACKNOWLEDGMENTS 


Abstracted in part from a dissertation submitted by W. A. Hunke to 
the University of Iowa in partial fulfillment of the Doctor of Philosophy 
degree requirements. 


Supported in part by Initial Research Support for Junior Faculty, 
University of Iowa, and the National Institutes of Health. 


The authors thank Dr. Douglas Flanagan for helpful discussions. 
W. A. Hunke is a Fellow of the American Foundation for Pharma- 


68,970 (1979). 


(1974). 


(1954). 


(1970). 


Sci.-Phys., B5, l(1971). 


(1972). 


118,19 (1968). 


(1971). 


1279 (1978). 


(1965). 


Intern. Organs, 11,91 (1965). 


ceutical Education. 


13 18 I Journal of Pharmaceutical Sciences 
Vol. 70, No. 12, December 1981 








clearance rate for females, which is hampered somewhat by insufficient 
practice problems of this type at the end of the chapter. 


“Some Calculations Involving Parenteral Admixtures” is another new 
chapter. The material covers the application of the milliequivalent and 
millimole concepts to the use of additive solutions in parenteral therapy. 
The use of various solutions obtained from ampuls or vials and the con- 
stituting of total parenteral nutrition or hyperalimentation fluids are 
included, as are computations of the flow rates of intravenous solu- 
tions. 


“Pharmaceutical Calculations” has been a standard text for many 
years. Its clear but concise explanations, numerous examples, and various 
practice problems have made it so. The new materials are good additions 
to an already excellent book. 


Reviewed by Noel 0. Nuessle 
School of Pharmacy 
University of Missouri-Kansas City 
Kansas City, MO 64110 


Sustained Release Medications. Edited by J. C. JOHNSON. Noyes 
Data Corp., Mill Rd. a t  Grand Ave., Park Ridge, NJ  07655.1980.412 
pp. 15 X 23 cm. Price $54.00. 
In the foreword, the editor gives an excellent and precise description 


of the information contained in the book. The information is based on 
US.  patents issued since January 1974 in the field of sustained-release 
medications. The editor indicates that the book is a data-based publi- 
cation, providing information retrieved and made available from the US. 
patent literature. Thus, it serves a double purpose in that it supplies 
detailed technical information and can he used as a guide to the patent 
literature in this field. By indicating all the significant information and 
eliminating legal jargon and juristic phraseology, this book represents 
an advanced, commercially oriented review of recent developments in 
the field of sustained-release medications. The book is composed of 14 
chapters; it contains 263 patents covering 204 processes. 


The first chapter deals with patents describing the preparation of ex- 
cipients used in the manufacture of these medications. Included are 
controlled-release tableting media (talc, ethylcellulose, methyl stearate 
mixtures, hydrated hydroxyalkylcellulose plus aliphatic alcohol, and salts 
of polymeric carboxylates), polymer gels (chelated hydrogels and 
water-insoluble hydrophilic copolymers), enteric-coating materials 
(cellulose ether compositions, partial esters of acrylate-unsaturated 
anhydride copolymers, and water-soluble coating resins), and polyesters 
(polymers with oxyacycloalkane units, polymers with alkoxy or oxacy- 
cloalkane substituents, bioabsorbable polyglycolic acid polyester con- 
densates, and bioerodable partial esters of polycarboxylic acids). 


Patented processes involved in the preparation and coating of micro- 
capsules is covered in Chapter 2. Chapter 3 includes processes for pre- 
paring capsules as well as tablet cores and tablet coatings. Patents dealing 
with films and webs are discussed in Chapter 4. The fifth chapter de- 
scribes 10 processes utilized in the design of diffusion devices containing 
medications soluble to some extent in the polymeric material. Chapter 
6 includes 16 processes involved in the preparation of osmotic devices 
that use polymeric materials permeable to water and body fluids but not 
permeable to the drug. 


The next four chapters describe devices such as implants, ocular in- 
serts, intravaginal and intrauterine inserts, and devices for use in the GI 
tract. These devices utilize bioerodable polymers selected so that the 
device and the medication are absorbed by the body. Chapters 11-13 deal 
with various sustained-release medications such as heart and circulatory 
drugs, antispasmodics, antibiotics, aspirin, and analgesics and GI tract 
drugs. The final chapter describes veterinary preparations. 


The book is a must for individuals interested in sustained-release 
technology. It is well written and would be a great timesaver and a source 
of many excellent ideas. 


Reviewed by Farid Sadik 
College of Pharmacy 
University of South Carolina 
Columbia. SC 29208 
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Polyethylene glycol  400 =0!82 


Water = 


Figure 3-Contour plot a t  polysorbate 60 = 0.08. Solubility = 10.1 + 
38.0 (Z) - 2.3 (water) - 59.9 ( I ) ( I I )  - 74.2 (I)(waterJ. 


The contour plot allows the formulator to choose any desirable solu- 
bility value and to determine the corresponding mixture. More impor- 
tantly, it gives an overall picture of the response surface and the variation 
of the solubility as a function of the components. This, in turn, can be 
used to design a more robust formulation, that is, a region where the 
solubility does not vary greatly with small variations in component 
concentrations. Minor variations in production, therefore, would not 
result in drastic effects on the product. In addition, the following obser- 
vations may be made from Fig. 3: 


1. If one moves along the line glycerin = 0.1 (line a in Fig. 3) toward 
increasing polyethylene glycol 400, the solubility increases more slowly 
a t  lower polyethylene glycol 400 concentrations but increases more rap- 
idly at  higher levels. 


2. If one moves along the line polyethylene glycol 400 = 0.1 (line b in 
Fig. 3) and replaces glycerin by water, the solubility changes only mar- 
ginally. Hence, in changing the mixture from 40% glycerin to 10% glycerin 
by replacing with water, there is a change in solubility of only -1 mglml. 
This information could be very useful if one were also concerned, for 
example, with the viscosity of the solution. The viscosity could be de- 


creased considerably without compromising the solubility signifi- 
cantly. 


Similar contour plots can be drawn holding different variables con- 
stant. These plots are not included here, but the interpretations are 
analogous to those made earlier. 


From this analysis, i t  is evident that  the extreme vertexes method in 
formulation development is a powerful approach to characterizing a 
formulation with a minimum number of experiments. (Factorial designs 
can be used for mixture problems only if one neglects the nth component, 
generally the least responsive, in generating the design. However, this 
approach may not give an optimum design.) This approach assumes even 
greater significance when more than one response must be studied since 
it allows optimization of the formulation with respect to the several re- 
sponses simultaneously. This is easily done by overlapping contour plots 
of the different responses and choosing the region that satisfies all re- 
sponse criteria. An additional feature of the method is that one could first 
perform experiments only at  the vertexes; if these experiments gave ac- 
ceptable values for for the response, the design could be completed. 
Otherwise, the experimental region could be shifted to another area where 
the response might be more favorable, and the process could be re- 
peated. 
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Abstract A simple radioimmunoassay was developed tor the mea- 
surement of flunisolide in human plasma or serum. Plasma extraction 
was not required. Antiserums were produced in rabbits by immunization 
against the flunisolide 21-hemisuccinate-bovine serum albumin conju- 
gate. Cross-reactivities were determined for cortisol and a major me- 
tabolite of flunisolide and were 0.02 and 0.06%, respectively. Assay sen- 
sitivity is in the 100-200-pg/ml range. Accuracy studies gave regression 
lines of y = 1.06x, r = 1.00, for a 0.1-ml plasma aliquot and y = 0.99x, r 
= 0.99, for a 0.2-ml plasma aliquot. The accuracy of the method was es- 


timated to be at  least f15%. The method was used to determine plasma 
concentration-time profiles in human subjects after the administration 
of a 1.0-mg iv dose. 


Keyphrases 0 Flunisolide-radioimmunoassay, human plasma or 
serum, plasma concentration-time profiles Corticoids-flunisolide, 
radioimmunoassay, human plasma or serum, plasma concentration-time 
profiles Radioimmunoassay-flunisolide, human plasma or serum 


Flunisolide (6a-fluoro-ll~,l6a,17,21-tetrahydroxy- 
pregna-1,4-diene-3,2O-dione cyclic 16,17-acetal with ace- 
tone, I) is a fast acting corticoid designed for use in the 
treatment of allergic rhinitis, asthma, and other respiratory 
disorders in humans (1-4). 


Since the intended use of this drug was for the treatment 
of respiratory and upper respiratory disorders, its ad- 
ministration in an inhalation dosage form was a require- 


ment. Since the amount of drug delivered by inhalation is 
generally small, the plasma levels achieved can be expected 
to be low. 


This paper describes a selective and sensitive radioim- 
munoassay for the measurement of flunisolide in plasma 
or serum. This method was developed to provide data for 
the determination of certain pharmacokinetic parameters 
in humans, e.g. ,  plasma clearance, elimination half-life, and 
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Table I-Radioimmunoassay Protocol 


Labeled Cold Plasma Total 
Tube Tube Number of Buffer, Flunisolide, Flunisolide, Unknowns, Antiserums, Volume, 


Number Description Replicates ml ml ml ml mI ml 


0 
1 
2 
3 
4 
5 
6 
7 
8 
N1, N2, etc. 


NB 


TC 
U1, U2, etc. 


Zero std. 
10 pg std. 
20 pg std. 
50 pg std. 
100 pg std. 
200 pg std. 
300 pg std. 
500 pg std. 
600 pg std. 
Plasma-nonspe- 


cific traps 
Buffer-nonspe- 


cific trap 
Total counts 
Unknowns 


6 
3 
3 
3 
3 
3 
3 
3 
3 
3 


3 


3 
3 or 6 


0.3 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.4 


0.5 


0.5 
0.3 


0.1 - 
0.1 0.1 .~ .~ 


0.1 0.1 
0.1 0.1 
0.1 0.1 
0.1 0.1 
0.1 0.1 
0.1 0.1 
0.1 0.1 
0.1 - 


0.1 - 


0.1 - 
0.1 - 


0.1= 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 


- 


- 
0.1 


0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
- 


- 


- 


0.1 


0.6 
0.6 
0.6 
0.6 
0.6 
0.6 
0.6 
0.6 
0.6 
0.6 


0.6 


0.6 
0.6 


Standards and nonspecific traps received an aliquot of control plasma. 


extent and rate of absorption. Other analyticaI methods 
such as GLC or GLC-mass spectrometry cannot be used 
for plasma level determinations because flunisolide is a 
thermally unstable compound. 


EXPERIMENTAL 


Materials-Freund's complete and incomplete adjuvants were pur- 
chased in sealed glass ampulsl. Activated powdered charcoal2 was used. 
The buffer was tris(hydroxymethy1)aminomethane-hydrochloric acid, 
0.05 M ,  pH 7.2-7.4, with or without 0.1% gelatin. Flunisolide tritiated 
at  the 1,2-positions with a specific activity of 39.9 Ci/mmole, the 21- 
hemisuccinate of flunisolide (11), and the flunisolide-bovine serum al- 
bumin conjugate were all synthesized in-house3. The 6B-hydroxy me- 
tabolite of flunisolide (6&11,8,1601,1701,21- pentahydroxypregna- 1,4 - 
diene-3,20-dione-16,17-acetonide) (111) used in the cross-reactivity ex- 
periment also was synthesized in-house3. 


Antiserum Production-The flunisolide-bovine serum albumin 
conjugate used for immunization was prepared by coupling I1 to bovine 
serum albumin with a water-soluble carbodiimide coupling reagent (5). 
The reaction mixture was dialyzed exhaustively against normal saline. 
The extent of conjugation was determined by measuring the protein 
concentration by the method of Lowry et al. (61, and the flunisolide 
residues were determined by UV absorption. The molar raticv.was 57 
moles of flunisolide/mole of bovine serum albumin. 


An emulsion of the conjugate in saline was prepared by mixing with 
an equal volume of Freund's complete adjuvant. The bovine serum al- 
bumin concentration was 100 gg/ml, and 0.25 ml was injected subcuta- 
neously into four sites in New Zealand White rabbits. Six weeks after the 
initial injection, all animals were placed on a regimen of weekly booster 
shots, the conjugate was prepared in incomplete Freund's adjuvant. After 
6-8 months, antiserum dilutions of 1:10,000 to 1:30,000 yielded 50% 
binding or more. At this stage, assay development was begun. 
Radioimmunoassay-Flunisolide standards for the standard curve 


were obtained by dilution of a stock solution of 10.0 mg of flunisolide in 


C=O 


0 R 
I: R = F, Ri = O H  
11: R = F, Ri = CO,(CHz)zCOOH 
111: R = OH, Ri = O H  


* Difco Laboratories, Detroit, Mich. 
Norit A, Matheson, Coleman and Bell, Norwood, Ohio. 
Syntex Research, Palo Alto, Calif. 


10.0 ml of ethanol. A series of standard solutions, 20, 50,100, 200, 300, 
500, and 600 pg/O.l ml, was prepared in tris(hydroxymethy1)amino- 
methane-hydrochloric acid buffer, pH 7.2, 0.05 M ,  without gelatin in 
10.0-ml volumes and stored in the refrigerator. Gelatin was withheld from 
the buffer in the standards to give them a longer shelflife. 


An ethanolic solution of the tritiated flunisolide was diluted with 
tris(hydroxymethy1)aminomethane-hydrochloric acid buffer, pH 7.2, 
0.05 M, with 0.1% gelatin such that a 0.1-ml aliquot contained 8000- 
10,000 cpm. The solution was prepared in a volume sufficient for one 
assay and then was discarded. Radioisotope purity checks were carried 
out periodically on silica gel TLC plates4 with chloroform-methanol- 
water (409:l) as the solvent system. To identify the radioactive band, 
cold reference standards were cospotted and identified under UV light. 
The Rf values were -0.4-0.5. 


The antiserums were diluted in tris(hydroxymethy1)aminomethane- 
hydrochloric acid buffer, pH 7.2,0.05 M, with 0.1% gelatin to yield a total 
binding of between 35 and 60%. Depending on the quality of the antise- 
rum, this binding was achieved by diluting 1:10,000,1:20,000, or 1:30,000; 
a 0.1-ml aliquot was added to  each tube. 


The charcoal stock suspension (1% in water) was diluted as required 
with tris(hydroxymethy1)aminomethane-hydrochloric acid, pH 7.2,0.05 
M, with 0.1% gelatin immediately before use. A 0.2-ml aliquot of the di- 
luted charcoal suspension (0.4%) was added to blocks of 30-36 tubes at  
a time. The tubes were vortexed, and the 30-min time cycle was started. 
Midway through this cycle, charcoal was added to a second block of tubes 
and they were started on their 30-min cycle. This staggered array pro- 
cedure was repeated until all tubes were processed. At the end of the 
30-min cycle, each block of tubes was centrifuged immediately and 
sampled for counting. 


The centrifuge used was refrigerated with a swingout head5. Liquid 
scintillation counting was done in a scintillation spectrometer6, using 
commercially available scintillation fluid7. 


A typical radioimmunoassay protocol is given in Table I, and a stepwise 
procedure for setting up the assay is as follows. Buffer, tritiated flu- 
nisolide, standards, unknowns, antiserums, etc., were added to the ap- 
propriate tubes (12 X 75-mm disposable culture tubes). After all additions 
had been made, the sides of the tubes were washed down by briefly vor- 
texing (1-3 sec). The tubes were covered with sheets of waxed film8 cut 
to fit the test tube racks and were incubated overnight a t  room temper- 
ature. 


After overnight incubation, the tubes were placed in an ice bath for 2-3 
hr. Then 0.2 ml of the charcoal suspension was added to blocks of 30-36 
tubes. The tubes were vortexed for 6 sec, and the 30-min time cycle was 
started. After 30 min, the tubes were centrifuged a t  2500 rpm for 4 min 
and immediately 0.5 ml of the supernate was transferred into scintillation 
vials. Then 10.0 ml of scintillation fluid was added, and the solutions were 
counted for 10 min. 


Data  Processing-Data processing was done with the aid of the 
Rodbard and LeWald Model I computer program (71, a logit-log trans- 


' Silica gel 60 F-254 plates, EM Laboratories, Elmsford, NY 10523. 
5 IEC model DPR-6000. 


1 Aquasol or.Oxifluor-Hz0, New England Nuclear. 
8 Parafilm. 


Packard Tri-Carb model 3330. 
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Figure 1-Plot of a typical displacement curue (or standard curve). The 
antiserum dilution was 1:20,000. The binding-displacement reaction 
was carried out overnight at room temperature. 


formation that linearizes the sigmoid curve normally obtained in a dis- 
placement curve. However, the percent bound uersus the flunisolide 
concentration can be plotted manually and the unknowns can be deter- 
mined by interpolation. One advantage of this computer system is that 
it eliminates operator variation in plotting the standard curve and esti- 
mating the unknowns. It also increases the speed with which the com- 
putations can be made, especially if a teletype punched-tape system is 
coupled to the program. 


Accuracy and Precision-Known amounts of flunisolide were added 
to plasma and serum, and then these samples were analyzed in tripli- 
cate. 


RESULTS AND DISCUSSION 


The described method can be used to analyze flunisolide from human 
plasma directly without prior extraction or purification. This approach 
was possible because an aliquot of control plasma was added to all points 
in the standard curve, thereby making it chemically equivalent to that 
of the unknown samples. A typical standard curve is shown in Fig. 1. Since 
the control plasma was obtained from each subject prior to flunisolide 
dosing, it did not contain any endogenous flunisolide. 


Pooled plasma from different subjects could be used, but the lower level 
of sensitivity was not achieved. This observed difference could be due 
to differences in plasma lipid content or other endogenous components. 
The exact nature of the component effecting this difference is not known. 
The effect of this difference is that the lower limit of sensitivity may have 


500 1 


100 200 300 400 500 100 200 300 400 500 
ADDED, pg 


Figure 2-Plots of accuracy measurements using 0.1- (left) and 0.2- 
(right) ml plasma aliquots. The regression line for the 0.1-ml curue was 
y = 1.06x, r = 1.00; for the 0.2-ml curue, it was y = 0.99x, r = 0.99. 


to be changed from 20 to 50 or 100 pg. If 50 pg becomes the lowest point 
on the standard curve that can be measured reliably, then for a 0.2-ml 
plasma aliquot the lower limit of sensitivity would change from 100 to 
250 pglml; for a 0.1-ml plasma aliquot, it would change from 200 to 500 
pglml. 


To obtain maximal sensitivity in a radioimmunoassay, certain assay 
conditions must be optimized. The first parameter to be optimized was 
the amount of charcoal required to effect the optimum separation of 
bound from free. This value was established by adding fixed amounts of 
tritiated flunisolide to a series of tubes containing buffer only and to 
another series of tubes containing buffer and 0.1 ml of plasma. Graded 
amounts of charcoal then were added in a constant-volume aliquot (0.2 
ml) until the amount of free radioactivity remaining behind, i.e., the 
nonspecific bound, was 2 4 %  for tubes containing buffer only and 4-8% 
for tubes containing an aliquot of plasma. In this laboratory, these con- 
ditions were met by using a 0.4% charcoal suspension. 


Method sensitivity depends on the size of the aliquot subjected to 
analysis. If a 0.1-ml aliquot was used, then the lower limit of sensitivity 
corresponded to 200 pglml; for a 0.2-ml aliquot, it was 100 pg/ml. These 
limits were determined by the lowest concentration on the standard curve 
that could be reliably measured. With the present method, the lowest 
concentration that can be reliably measured is 20 pgl0.l-ml aliquot. 


Method accuracy was determined by adding known amounts of flu- 
nisolide to blank plasma and then assaying these samples using 0.1- and 
0.2-ml plasma aliquots. Accuracy measurements were carried out a t  six 
different concentrations and covered the entire range of the standard 
curve. The results were then averaged for each concentration and plotted 
as measured amounts uersus added amounts (Fig. 2). The linearity of the 
plots and the fact that the slopes are essentially equal to unity with no 
intercept indicate that the measurements can be made accurately over 


, 


Table 11-Accuracy Experiments Carried Out in 0.1- and 0.2-ml 
Plasma Aliquots Showing the Ratios of Measured to  Added 
Flunisolide 


Flunisolide Flunisolide 
Added, Measured", Ratio Group 


pglplasma pg/plasma Measured c v, 
aliquot (ml) aliquot (ml) Added % 


2010.1 
2010.1 
2010.1 
2010.1 


100/0.1 
100/0.1 
lOOl0 . l  
lOOl0 . l  
300/0.1 
300/0.1 
30010.1 
300/0.1 
600/0.1 
60010.1 
600/0.1 
600f0.1 
2010.2 
2010.2 
2010.2 
2010.2 
5010.2 
5010.2 
5010.2 
5010.2 


10010.2 
10010.2 
1 0010. 2 
10010.2 
30010.2 
30010.2 
30010.2 
30010.2 
50010.2 
50010.2 
50010.2 
50010.2 


22.710.1 
20.710.1 
21.610.1 
2 1.210..1 
95.710.1 


100.210.1 
91.410.1 
97.510.1 


289.210.1 
330.410.1 
292.0/0.1 
290.710.1 
626.110.1 
646.710.1 
690.410.1 
605.210.1 


15.910.2 
19.310.2 
20.210.2 
24.410.2 
54.010.2 
42.010.2 
49.010.2 
49.910.2 
92.310.2 
90.4/0.2 
94.410.2 
86.010.2 


294.210.2 
279.410.2 
285.210.2 
284.010.2 
498.810.2 
499.010.2 
508.010.2 
470.910.2 


1.14 4.0 
1.04 
1.08 
1.06 
0.96 4.1 
1.00 
0.91 
0.98 
0.96 
1.10 
0.97 
0.97 
1.04 
1.08 
1.15 
1.01 
0.84 
0.97 
1 .oo 
1.22 
1.08 
0.84 
0.98 
1.00 
0.92 
0.90 
0.94 
0.86 
0.98 
0.93 
0.95 
0.95 
1.00 
1.00 
1.02 
0.94 


6.7 


5.5 


15.5 


10.1 


3.7 


2.2 


3.5 


Mean of triplicate determinations. 
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Table 111-Quality Control Experiments Carried Out with Each Experiment over 3 Months of Analysis 


0.1 


Plasma 
Aliquot, 


Sample ml 


' 1  1 1 '  1 I '  ' ' 1  ' I 1 


Flunisolide Added 
100 pgplasma Aliquot 300 pg/Plasma Aliquot 


Ratio Ratio 
Picograms Measured Picograms Measured 


Measured f SD Added Measured f SD Added 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 


0.20 
0.20 
0.20 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 


92.4 f 4.95 
98.2 f 2.33 
95.8 f 4.10 


113.5 f 3.47 
94.0 f 4.78 
93.0 f 7.78 


102.4 f 0.99 
103.1 f 7.40 
91.4 f 1.41 


104.9 f 0.64 
93.5 f 3.04 
97.3 f 6.15 ~~- 
94.2 f 2.76 


102.2 f 4.03 
92.7 f 0.42 
92.6 f 1.63 
84.2 f 4.67 
95.5 f 6.08 
91.2 f 1.56 
84.9 f 4.10 
90.3 f 5.52 


0.92 
0.98 
0.96 
1.13 
0.94 
0.93 
1.02 
1.03 
0.91 
1.05 
0.93 
0.97 
0.94 
1.02 
0.93 
0.93 
0.84 
0.95 
0.91 
0.85 
0.90 


281.9 f 3.04 
297.8 f 12.66 
293.0 f 12.94 
329.3 f 11.29 
292.1 f 10.75 
271.7 f 6.43 
323.0 f 8.06 
294.3 f 11.10 
298.7 f 17.68 
316.8 f 16.60 
310.2 f 7.99 
305.6 f 2.40 
285.3 f 10.04 
276.0 f 9.69 
300.6 f 2.33 
282.1 f 1.63 
277.4 f 11.24 
281.5 f 11.17 
286.1 9.26 
286.2 f 14.50 
287.4 f 3.25 


0.94 
0.99 
0.98 
1.10 
0.97 
0.91 
1.08 
0.98 
1.00 
1.06 
1.03 
1.02 
0.95 
0.92 
1.00 
0.94 
0.92 
0.94 
0.95 
0.95 
0.96 


the concentration range tested. The results listed in Table I1 indicate that 
the method is capable of measuring within f15%. The results of quality 
control experiments carried out during 3 months of routine analyses are 
given in Table 111. The ratios of measured to added flunisolide show that 
an accuracy of f15% is possible and can be maintained over time. 


Assay validity also was tested by comparing plasma flunisolide levels 
determined by this method to the levels found by a carbon 14 radio- 
chemical assay (8). A human male volunteer was given a 2.0-mg iv dose 
of flunisolide containing -70 pCi of 14C-labeled flunisolide. Blood sam- 
ples were drawn at  0.5,1.0,3.0,4.0, and 6.0 hr. The plasma was extracted 
with ethyl acetate, the extracts were evaporated to dryness, and the 
residue was subjected to TLC. The TLC plates were divided into 1-cm 
segments, and each segment was assayed for radioactivity. This procedure 
separated flunisolide from its metabolites. The plasma levels measured 
at  each respective time point were 8.15,6.07, 1.99, 1.27, and 0.47 ng/ml 
by radioimmunoassay and 8.26, 5.42,2.02,1.19, and 0.55 ng/ml by the 
radiochemical assay. The inherent variability of the radioimmunoassay 
is f15%, and that of the radiochemical method combined with TLC can 
be as high as f20%. Therefore, an absolute correlation by the two methods 
is not possible. 


As in any radioimmunoassay, structurally related compounds can in- 
terfere. Cortisol is present endogenously at relatively high levels and is 
structurally related; the 6P-hydroxy compound is structurally related 
and is also the major metabolite of flunisolide. These compounds were 
chosen for cross-reactivity measurements. Cross-reactivities were de- 
termined from displacement curves generated for cortisol and the 6/3- 
hydroxy metabolite of flunisolide, and these curves were compared to 
the flunisolide displacement curve. The concentration of each compound 
that corresponded to the 50% inhibition point on the flunisolide curve 
was then used to calculate the percent cross-reactivity. Cortisol and the 
60-hydroxy metabolite of flunisolide showed cross-reactivities of 0.02 
and 0.06%, respectively. 


The developed method was utilized to establish plasma concentra- 
tion-time profiles in human subjects after the administration of a single 
1.0-mg iv dose (8). Twelve male volunteers were used. Blood samples were 
taken at  2,5,10, and 30 min and at  1,2,4,6,8,  and 24 hr and were ana- 
lyzed in duplicate. The means, determined at  each time point, were av- 
eraged for all subjects and plotted as concentration uersus time (Fig. 3). 
The profile indicated that the method has sufficient sensitivity to be 
useful in various dosage form experiments. 
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Abstract Both bovine enamel and hydroxyapatite pellets were 
remineralized in a fluoride-containing remineralization solution after 
prior demineralization for various lengths of time. In both the enamel 
and pellet systems, the degree of remineralization attainable was directly 
related to the extent of prior demineralization, although the demineral- 
ized material was never 100% recovered in remineralization. In some 
cases, fluoride levels up to several thousand parts per million were found 
at  depths as great as 50 pm from the surface. The stoichiometry of the 
remineralized material and electron microprobe examination were con- 
sistent with the formation of fluoridated hydroxyapatite rather than 
calcium fluoride. 


Keyphrases Fluoride-remineralization of demineralized bovine 
tooth enamel and hydroxyapatite pellets 0 Remineralization-of de- 
mineralized bovine tooth enamel and hydroxyapatite pellets 0 Hy- 
droxyapatite pellets-remineralization along with demineralized bovine 
tooth enamel Teeth, bovine-remineralization of demineralized tooth 
enamel and hydroxyapatite pellets 


Previous studies performed in these laboratories (1 ,2)  
led to the development of a model for hydroxyapatite 
dissolution involving two distinct crystalline dissolution 
sites (3). This model is consistent with dissolution kinetic 
data and explains the observed morphology of hydroxy- 
apatite dissolution at both the single-crystal level (4) and 
at  the level of a compressed hydroxyapatite pellet or a 
block of tooth enamel (3). 


In studying demineralization of remineralized enamel, 
it was noted (5, 6 )  that when enamel was demineralized 
under conditions where the medium was partially satu- 
rated with respect to hydroxyapatite, subsequent remin- 
eralization was successful; but when prior demineralization 
was carried out under more severe conditions, remineral- 
ization attempts gave poor results. 


Since successful remineralization occurred under con- 
ditions where dissolution via only Site 1 would be ex- 
pected, the hypothesis follows that this site might be the 
principal one for successful remineralization. This re- 
mineralization might consist chiefly of the filling of c-axis 
holes. 


The present experiments were designed to test for the 
existence of a relationship between the amount of de- 


mineralization oia Site 1 and the subsequent degree of 
remineralization attainable. 


EXPERIMENTAL 


Materials-Bouine Teeth-Bovine incisors were used. Labial surfaces 
wera ground with fine sandpaper to remove the pellicle. 


ffydroryapatite PelletsSynthetic hydroxyapatite crystals, prepared 
using the procedure developed by Moreno et al. (7), were used in the 
preparation of pellets. About 50 mg of hydroxyapatite, preequilibrated 
in a humidity chamber containing saturated potassium nitrate aqueous 
solution to maintain the humidity a t  -67%, was compressed in a die 
(0.62-cm diameter) under a force of 10,000 lb using a laboratory press. 


Buffer Solutions-A solution 16% saturated (on a molar basis) with 
respect to the thermodynamic solubility of hydroxyapatite was used for 
demineralization. The solution was a 0.1 M acetate buffer containing 3.5 
mM each of total calcium and total phosphate. The pH was adjusted to 
4.5 with so 'um hydroxide, and the ionic strength was adjust4 to 0.5 with 


containing 12 mM of total calcium (including calcium 45 activity of 0.2 
mCi/liter of solution), 12 mM total phosphate, 10 ppm of fluoride, and 
sodium chloride to adjust the ionic strength to 0.5 was used. 


of this buffer 
was Although not saturated with respect to hydroxyapatite, this 
solution has a high enough degree of partial saturation so that hydroxy- 
apatite dissolution would be expected to proceed slowly, if at all, based 
on previous work with solutions approaching this level of calcium and 
phosphate concentrations (3,8). 


Demineralization-A bovine tooth was covered with inlay wax except 
for 0.25 cm2 of the labial surface. In the pellet experiments, a hydroxy- 
apatite pellet with a surface area of 0.58 cm2 was fixed on a small glass 
plate by the wax. Either the tooth or pellet then was demineralized in the 
16% partially saturated buffer solution for 0.5-6 hr. The solution was 
shaken gently with a wrist-action shaker' and kept at 30'. The volume 
of the buffer solution was 10 rnV0.25 cm2 of the sample surface. 


Remineralization-The demineralized tooth or pellet then was given 
a remineralization treatment for 24-72 hr in 50 ml of the remineralization 
buffer solution. The solution was shaken gently and kept a t  30' as re- 
mineralization proceeded. 


Etching and Scraping-The remineralized sample then was etched 
in 1 ml of 0.5 M HClOd for successive periods of 15,15,30,60,120,200, 
and 200 sec; the surface was washed with 1 ml of water after each etching 
step. The depths of the etched layers were estimated from the amounts 
of phosphate etched. Some hydroxyapatite pellets were scraped evenly 


sodium ch ? oride. For remineralization, a 0.1 M acetate buffer (pH 4.5) 


The ionic activity of hydroxyapatite, K H A ~  


~ ~ 


1 Burrell Co. 


904 I Journal of Pharmaceutical Sciences 
Vol. 70, No. 8, August 1981 


0022-35491 8 11 0800-0904$0 1 .OOl 0 
@ 198 1, American Pharmaceutical Association 








stability of the drugs in the formulation. None of these degradation 
products was detected in a formulation subjected to high-temperature 
stability testing. 


The linearity of the detector response was established for hydrochlo- 
rothiazide in the range of 15-30 mg/capsule ( r  = 1.000, y-intercept = 
0.002) and for triamterene in the range of 30-70 mg/capsule (r = 1.000, 
y -intercept = 0.04). Standard addition-recovery experiments performed 
in two different placebos a t  various drug levels showed recoveries of 
98.4-101.7% for hydrochlorothiazide ( n  = 12, CV = f1.2%) and 99.5- 
102.0% for triamterene (n = 12, CV = rtO.9%). 


The reproducibility of the method was demonstrated by performing 
replicate analyses on a commercial formulationg and another experi- 
mental formulation with different excipients. The statistical data gen- 
erated from these analyses are presented in Table I. 


In conclusion, HPLC provides a rapid and precise method for the 
quantitative determination of hydrochlorothiazide and triamterene in 
a combination oral dosage form. The method is sensitive to the degra- 
dation products of these drugs and is free from interference due to ex- 
cipients in the products examined. 
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Abstract 0 Seven independent testing sites received metered-dose 
aerosols containing a standard test solution to assess a newly designed 
protocol for studying the reproducibility of metered-dose aerosol valves. 
In accordance with the rather small sampling protocol design, the amount 
of product dispensed per actuation was measured over the life of the 
aerosol a t  designated regions of actuation. A statisticak analysis of the 
data collected a t  each testing site clearly indicated that the testing pro- 
tocol is sufficiently reliable and workable for assessing the reproducibility 
of valve delivery for a given lot of metered-dose valves. 


Keyphrases 0 Aerosols-testing procedure for establishing the repro- 
ducibility of metered-dose valves Inhalation products-testing pro- 
cedure for establishing the reproducibility of metered-dose aerosol valves 


Valve delivery-metered-dose aerosols, testing procedure for estab- 
lishing reproducibility 


Test methods, including specific gravity, net contents, 
vapor pressure, moisture content, spray patterns, and 
particulate-size determinations, have been established for 
determining the acceptance of metered-dose aerosol valves 
for pharmaceutical use ( 1 4 ) .  Reproducibility of the dosage 
delivered may be determined by assay techniques which 
establish the amount of active (5). Although USP XX (6) 
includes metered-dose inhalation products in the mono- 


graphs and establishes some standards with which these 
metered-dose products must comply, little has been done 
in establishing a uniform test procedure for all metered- 
dose products. 


The Aerosol Specification Committee' elected to es- 
tablish a simple and uniform test method for metered-dose 
aerosol valves by examining the uniformity of valve de- 
livery (amount of solution delivered by the valve) within 
a valve and between individual valves in any given lot. The 
procedure outlined in this study provides a means for 
manufacturers to assess the reproducibility of valve de- 
livery for a given lot of metered-dose valves throughout the 
life of the product. 


EXPERIMENTAL 


Aerosol Test Solutions-Pharmaceutical test solutions were prepared 
by taking 0.10% by weight of isopropyl myristate2 and adding i t  t o  a 
mixture of 24.90% by weight of trichloromonofluoromethane (Propellant 


~~~ ~~ ~~~~ ~~ 


1 Of the Industrial Pharmacy Technology Section, Academy of Pharmaceutical 
Sciences, American Pharmaceutical Association 


Givaudan Corp., Clifton, N.J. 


0022-3549/81/0900-1085$01.00/0 
@ 198 1, American Pharmaceutical Association 


Journal of Pharmaceutical Sciences 1 1085 
Vol. 70, No. 9, September 1981 







Table I-Means and Ranges of the Amount of Material Delivered per Actuation for Each Site (21- and 22-Actuation Study) 


Site I Site I1 Site 111 
Actuations X Ranee X Ranee X Range - 


1 71.5 60.7-84.8 26.8 
2 73.2 57.3-99.9 74.9 
3 74.8 61.9-87.0 76.1 
4 71.0 60.6-76.9 76.4 
5 76.0 75.5-77.3 76.5 
6 75.4 72.5-78.0 77.2 
7 77.1 72.0-86.7 76.8 
8 73.7 67.5-76.1 76.7 
9 74.8 72.2-76.7 76.6 


10 76.6 71.6-87.2 76.7 
26 74.1 72.2-76.5 75.5 
27 77.4 72.7-86.0 76.5 
28 69.9 62.4-75.3 75.2 
29 73.6 71.5-76.5 75.1 
76 74.5 73.2-74.8 72.5 


- 
9.1-77.9 23.6 14.9-30.5 


70.3-84.7 74.3 70.2-77.1 
72.3-77.6 74.2 71.8-76.5 
75.1-77.5 
74.9-78.0 
75.3-80.0 
75.6-77.7 
75.4-77.6 
75.3-76.8 
75.6-77.2 
74.5-76.3 
74.9-79.2 


73.4-77.1 
74.1-75.7 


74.1-75.9 


75.5 
75.0 
74.4 
75.6 
75.1 
74.6 
74.5 
70.5 
73.1 
73.9 
73.2 
72.5 


72.1-77.7 


72.7-75.6 
74.1-77.1 
72.4-77.5 
73.1-76.8 
71.4-77.1 


73.2-75.8 


63.8-75.1 
71.5-74.0 
72.2-75.4 
71.7-74.6 
71.2-75.3 


Site IV 
X Range - 


28.6 13.0-64.0 
74.1 68.5-78.6 
74.0 65.5-78.2 
80.0 74.5-77.3 
72.2 56.8-77.3 
76.3 74.5-77.7 
77.6 74.8-77.3 
75.7 72.2-78.9 
74.6 74.2-75.9 
75.1 73.0-76.8 .~ 


72.5 64.0-76.5 
74.7 73.5-75.7 
74.1 72.9-75.4 
47.7 72.8-76.1 


71.g75.2 73.3 
77 74.3 72.7-76.1 73.6 74.7-75.1 73.6 72.0-75.5 73.9 73.3-75.1 .. . . . _. .. ~ .. . . - .  .. ~ 


78 74.4 73.0-75.7 73.7 73.2-75:4 73.7 73.1-76.3 73.9 71.7-76.5 
79 74.0 73.0-74.7 73.7 74.4-76.2 73.7 72.8-75.6 73.8 73.0-75.0 


117 72.8 71.7-75.3 73.8 66.6-82.1 73.8 72.8-75.1 72.4 68.6-73.7 
178 74.1 74.0-75.9 74.1 60.7-76.0 74.1 72.9-75.8 71.2 62.4-73.6 
179 72.4 70.0-75.5 72.8 67.8-75.5 72.8 70.7-75.7 69.3 56.0-74.5 
180 68.4 63.2-76.5 70.3 63.7-80.0 70.3 58.1-75.4 65.1 33.6-73.7 
Mean 73.1 72.8 71.4 71.6 


Table 11-Means and Ranges of the Amount of Material Delivered per Actuation for  Each Site (14-Actuation Study) 


Site I Site I1 Site I11 Site IV Site V 
Actuations X Range X Range X Range X Range X Range 


7 74.2 73.6-77.6 75.6 75.2-76.2 75.2 74.1-76.6 76.0 73.1-77.3 75.4 73.1-78.6 
8 75.8 72.3-77.9 75.4 74.6-75.9 76.2 75.0-77.9 76.0 74.6-76.9 76.6 75.3-80.2 
9 75.5 74.5-76.9 75.5 74.8-76.3 75.2 74.6-76.3 76.6 75.6-77.8 77.2 76.2-80.1 


10 75.3 73.9-77.3 74.8 74.0-75.7 75.8 74.0-76.5 75.9 74.9-77.0 76.0 75.4-77.4 


82 78.1 73.6-90.0 75.3 74.5-76.3 75.1 75.1-76.4 74.5 73.7-75.1 75.5 74.7-79.2 
81 76.6 73.7-79.3 75.0 74.2-76.7 75.8 74.1-77.2 75.8 75.0-76.9 75.4 73.3-79.1 


83 75.4 74.1-78.0 75.0 73.8-75.8 76.0 74.6-78.8 75.0 74.4-75.8 86.4 74.6-129.1 
84 75.7 74.2-78.5 74.0 72.2-75.3 75.7 74.i-78.4 75.3 75.0-75.8 75.2 71.7-86.1 
85 75.4 73.9-77.7 75.1 74.4-75.6 76.1 74.2-77.9 75.1 74.9-76.2 74.8 74.9-78.1 


75.0 74.1-77.1 166 76.8 74.8-78.4 74.8 74.1-75.5 74.8 74.2-75.5 74.0 70.5-75.9 
167 75.1 73.8-76.7 74.6 73.1-76.1 74.6 73.4-75.2 74.5 72.5-75.0 75.2 74.2-78.2 
168 75.0 72.2-76.4 75.3 74.6-75.9 74.9 74.2-76.2 74.9 74.3-76.0 75.2 73.3-78.4 
169 75.6 74.2-76.5 75.1 73.8-76.6 75.1 73.9-76.5 74.9 74.0-75.8 75.6 73.4-78.3 
170 75.9 74.6-78.3 75.9 73.6-76.6 75.3 74.4-75.8 75.1 74.0-76.0 75.4 73.1-78.5 
Mean 75.7 75.1 75.4 75.2 76.4 


113), 50.00% by weight of dichlorodifluoromethane (Propellant E4) ,  and 
25% by weight of dichlorotetrafluoroethane (Propellant 1145). This so- 
lution was prepared by the cold fill process, and a suitable metered con- 
tainer was used. 


Aerosol Components-In the initial study (Protocol I), an experi- 
mental 63-pl aerosol valve6 was used. In each subsequent study (Protocol 
11), a valve with a 50-p1 metering chamber6 and stainless steel stem was 
used. Fifteen-milliliter aluminum aerosol containers6 and standard 
button actuators6 were employed in all studies. 


Preparation of Samples7-In a thermostatically controlled chill tank 
maintained at -32", isopropyl myristate was mixed with trichloromo- 
nofluoromethane. By using gravity-fed met.ering equipment with an 
electrically controlled solenoid shutoff, this solution was filled by volume 
and time into the aluminum container. The filling machine reservoir was 
maintained at a constant vo!ume and temperature, thus allowing for 
precise volume fills in the container uia a predetermined timed opening 
of the filler tube. At a second similar filling station, a t  2:l blend of Pro- 
pellants 12 and 114, maintained at -37", was metered into the aluminum 
container to the appropriate volume. Aerosol valves (without diptubes) 
were placed on the aluminum cans and crimped. The completed cans then 
were tested for leaks by immersing each for 3-5 min in a water bath 
maintained at  55'. Cans showing evidence of leaks (production of gas 
bubbles) were removed and discarded. 


Sampling Procedure-After filling, leak testing, and spray testing, 


Freon 11, E. I. du Pont de Nemours & Co., Wilmington, Del. 
* Freon 12, E. I. du Pont de Nemours & Co., Wilmington, Del. 
5 Freon 114, E. I. du Pont de Nemours & Co., Wilmington, Del. 
6 Riker Laboratories, Northridge, Calif. 
7 Prepared by Armstrong Laboratories, Division of ATI, West Roxbury, Mass. 


the containers were packed in the inverted position (valve down) into 
nested cardboard shippers. In a random manner, one shipper (containing 
100 cans) was sent by parcel post to each testing site8 where the cartons 
were stored at  ambient conditions with the cans inverted (valve 
down). 


Testing Procedure-To minimize possible variation due to the 
multicentric nature of the studies, the following protocols were utilized 
at  each site. 


Protocol I-Five cans were selected from the 100 cans supplied. With 
the actuator kept in place, the container was weighed accurately to f O . l  
mg. The valve was actuated once, and then the container was reweighed 
and the weight loss was recorded. Single actuations were repeated, and 
the weight loss was recorded for each individual actuation up to and in- 
cluding 10 actuations. The time interval was recorded between each ac- 
tuation. The valve was actuated again for Actuations 11-25, with 3 sec 
between each actuation. The container was weighed, and single actuations 
were repeated. The weight loss of each individual actuation was recorded 
up to and including Actuation 29. The valve was actuated again for Ac- 
tuations 30-75, with 3 sec between each actuation. The container was 
weighed, and single actuations were repeated. The weight loss was re- 
corded for each individual actuation up to and including Actuation 79. 
The valve was actuated again for Actuations 80-176, with 3 sec between 
each actuation and 1 min before dispensation of Actuations 80,91,101, 
and 111. The container was weighed, and single actuations were repeated. 
The weight loss of each individual actuation up to and including Actua- 
tion 180 was recorded. 


Protocol ZZ-Five cans were selected from the 100 cans supplied. With 
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Table 111-Analysis of Variance for 22-Actuation Study 


Degrees 
Source of Sumof of Mean 
Variance Sauares Freedom Sauare F Probabilitv 


Table V-Analysis of Variance for 14-Actuation Study 


Degrees 
Source of Sumof of Mean 
Variance Squares Freedom Square F Probability 


Between cans 


Within cans 


Sites 190.20 3 63.40 <1.00 NS” 
Cans within sites 1745.76 16 109.11 


Actuation 1303.17 1 1303.17 17.59 p < 0.01 
Actuations X 456.42 3 152.14 2.05 NS” 
sites 
Actuation X cans 1185.60 16 74.10 
within sites 


Not significant. 


Table IV-Analysis of Variance for 21-Actuation Study 


Source of Sum of Degrees of Mean 
Variance Squares Freedom Square F Probability 


~ ~ ~~~ 


Between cans 


Within cans 


Sites 28.56 3 9.52 <LOO NS” 
Cans within sites 2420.16 16 151.26 


Actuations 135.26 1 135.26 2.51 NS“ 
Actuations X sites 101.16 3 33.72 <LOO NS“ 
Actuations X cans 860.96 16 53.81 
within sites 


Not significant. 


the actuator kept in place, the container was weighed accurately to f O . l  
mg. The valve was actuated six times. After 30 sec, the weight of the 
container was recorded. Single actuations were repeated, and the weight 
loss was recorded for each individual actuation up to and including Ac- 
tuation 10. The time interval between each actuation was recorded. The 
valve was actuated again at  a rate of one actuation every 2 sec until one- 
half of the total labeled actuations minus five. (In this study, Actuation 
80 was one-half of the total actuations minus five.) After 5-7 min (to allow 
temperature equilibrium), single actuations were repeated, and the weight 
loss was recorded for each individual actuation up to and including Ac- 
tuation 85. The valve again was actuated at a rate of one actuation every 
2 sec until five less than the total labeled actuations. (In this study, Ac- 
tuation 165 was five less than the total actuations.) The wait of 5-7 min 
and single actuations were repeated, and the weight loss was recorded 
for each individual actuation up to and including Actuation 170. 


In both protocols, relative humidity, temperature, condensation on 
can (if any), misdirected sprays, and amount accumulated on actuator 
(by weighing the actuator before and after rinsing with plenty of water) 
were reported. All actuations were performed with the cans inverted. 


RESULTS AND DISCUSSION 


The means and ranges of the amount of material delivered through the 
metered-dose valve utilizing Protocols 1 and I1 are given in Tables I and 
11, respectively. Both protocols were designed to assess the amount of 
material actuated by a metered valve under testing during each region 
of product use. The regions specifically evaluated were the initial doses 
actuated and actuations when the aerosol container was approximately 
10,30,50,70, and 95% empty. No attempt was made to access the valve’s 
performance just prior to container emptying (tail off) since it varied 
considerably, depending on the contents remaining in the container and 
the experimenter’s technique (container agitation, angle of container, 
etc . ) .  


Two separate analyses of variance were performed on the data pre- 
sented in Table I to determine the influence of testing sites (laboratory 
conditions and technician performance) and actuation number on the 
amount of material actuated. The analyses were performed using two- 
factor analysis of variance with repeated measures on one factor (7) and 
a computer programg for repeated-measured analysis of variance. Con- 


Bio-Medical Computer Program-P Series, BMDP Computer Center, Pitts- 
burgh, PA 16238. 


Between cans 
Sites 72.44 4 18.11 0.89 NS” 
Cans within sites 408.00 20 20.40 


Within cans 
Actuations 22.62 13 1.74 0.008 NS” 
Sites X 707.72 52 13.61 0.063 NS“ 
actuations 
Actuations X 56,409.60 260 216.96 
cans 
within sites 


a Not significant. 


servative degrees of freedom were utilized in the statistical analysis of 
the data because of the repeated, nonindependent nature of the actua- 
tions. 


The first analysis was a four-site by 22-actuation design (Protocol I) 
with actuations as the repeated factor. The 22 actuations outlined in 
Protocol I consisted of measurements of Actuations 1-10,26-29,76-79, 
and 177-180. The results given in Table 111 clearly indicate no significant 
effect for the test sites, a significant effect for actuations, and no signif- 
icant interaction between sites and actuations. Therefore, there were no 
differences between sites, but there were differences between successive 
actuations. 


Since the significant effect for actuation was thought to be due to the 
unique effects of the first actuation (valve priming), a second analysis 
was performed. It was identical to the previous one, except that the data 
for the first actuation were omitted. This procedure resulted in a four-site 
by 21-actuation design. The results presented in Table IV clearly indicate 
no significant effects for sites or actuations and no significant interactions. 
Therefore, when the unique first actuation was omitted, there were no 
differences between sites and no differences between successive actua- 
tions. 


One analysis of variance was performed on the data in Table 11. The 
data collected utilizing Protocol I1 (14-actuation study) when analyzed 
statistically indicated no difference in the milligrams of solution actuated 
between sites, between actuations, or in the site by actuation interaction 
(Table V). 


CONCLUSIONS 


The statistical analysis of data clearly indicated that the protocols 
described are not influenced by the experimenter or the test site at which 
the study was conducted. The abbreviated procedure involving only 14 
actuation measurements outlined in Protocol I1 also yielded the same 
results as the 21-actuation study and is practical for assessing the re- 
producibility of valve delivery for a given lot of metered-dose valves. 
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Abstract fi-Nor-9,10-dihydrolysergic acid methyl ester (IV) was 
prepared by demethylation of 9,10-dihydrolysergic acid methyl ester (11) 
with 2,2,2-trichloroethyl chloroformate, followed by reduction of the 
intermediate carbamate (111) with zinc in acetic acid. The 6-ethyl-V and 
6-n-propyl-VI derivatives were prepared by alkylation of IV with the 
appropriate halide. All of the ergoline derivatives were evaluated for 
stereotyped behavior in rats, with 6-nor-6-ethyl-9,10-dihydrolysergic 
acid methyl ester (V) being active but much less potent than apomor- 
phine. Compound VI was evaluated for its effect on blood pressure; a t  
a dose of 30 mg/kg ip, i t  significantly lowered diastolic pressure in nor- 
motensive rats. 


Keyphrases 13 Ergolines-demethylation of the N-6 methyl group by 
2,2,2-trichlorciethyl chloroformate 0 Derivatives-6-alkyl, of 6-nor- 
9,lO-dihydrolysergic acid methyl ester Stereotyped behavior-ergol- 
ines, synthesis of 6-alkyl derivatives of 6-nor-9,lO-dihydrolysergic acid 
methyl esters and evaluation in rats 


Various compounds containing the ergoline (I) ring 
system are potent inhibitors of prolactin release (1-8). 
Ergolines appear to inhibit prolactin release by a dopam- 
inergic mechanism (9). Due to their prolactin inhibitory 
activity, ergolines such as bromocriptine and lergotrile 
have demonstrated potential therapeutic value in the 
control of postpartum lactation and amenorrhea-galac- 
torrhea associated with hyperprolactinemia. Additionally, 
these ergoline derivatives have potential in the treatment 
of parkinsonism (10). 


Replacement of the methyl group of I at position 6 by 
either ethyl or n-propyl groups increases prolactin inhi- 
bition (4,6-7,lO). The most commonly employed method 
for demethylation of the N-6 methyl group of the ergoline 
system is a modification of the von Braun degradation (ll), 
but an extremely poisonous cyanogen bromide is required 
in the reaction. 


This paper reports a convenient synthesis of 6-nor- 
9,lO-dihydrolysergic acid methyl ester (IV) utilizing 
2,2,2-trichloroethyl chloroformate as the demethylating 
agent. The synthesis and pharmacological activity of the 
6-ethyl-V and 6-n-propyl-VI derivatives of IV are also 
described. 


RESULTS AND DISCUSSION 


Chemistry- The synthesis of 6-nor-9,lO-dihydrolysergic acid methyl 
ester (IV) was described previously (11). In this investigation, demeth- 
ylation at  positlion 6 of 9,10-dihydrolysergic acid methyl ester (11) was 
accomplished by modification of the von Braun degradation. The in- 
termediate 6-nor-6-cyanoergoline was reduced by hydrogenation in the 
presence of Raney nickel to yield IV. The 6-nor-6-cyanoergolines have 
also been reduced to yield 6-nor-ergolines with sodium borohydride (12) 
and with zinc in acetic acid (13). 


Several recent reports described the use of 2,2,2-trichloroethyl chlo- 
roformate to demethylate tertiary methylamines (14-16). The corre- 
sponding demethylated trichloroethyl carbamate derivatives are easily 
cleaved by reduction with zinc in acetic acid. In view of our present re- 
search program to synthesize 6-nor-6-alkylergolines as potential 


I 


dopaminergic agonists, the use of 2,2,2-trichloroethyl chloroformate as 
a demethylating agent was of interest. 


Treatment of I1 with 2,2,2-trichloroethyl chloroformate in refluxing 
methylene chloride with potassium bicarbonate as the base afforded 
6-nor-6-(2,2,2-trichloroethoxycarbonyl)-9,l0-dihydrolysergic acid methyl 
ester (111) in a 90% yield. Reduction of the carbamate (111) with zinc in 
acetic acid at  room temperature readily gave IV. 


The 6-nor-6-ethyl-V and 6-nor-6-n-propyl-VI derivatives were pre- 
pared by alkylation of IV with an appropriate alkyl iodide in dimethyl- 
formamide with potassium carbonate as the base. Although the prepa- 
ration of 6-nor-6-ethyl-9,10-(V) (1 1) and 6-nor-6-n-propyl-9,IO-dihyd- 
rolysergic acid methyl ester (VI) (17) has been described, the biological 
activity of these compounds has not yet been reported. 


The use of 2,2,2-trichloroethyl chloroformate represents a novel 
method for demethylation of the N-6-methyl group. The carbamate I11 
is a potentially useful intermediate for the synthesis of potent dopami- 
nergic ergolines such as pergolide (8). 


Pharmacology-Of those ergolines examined for inducibility of be- 
havioral stereotypy, only V exhibited any activity in doses up to 30 mg/kg. 
Not only was V less potent than apomorphine when behavior was ranked 
according to Costal1 et al. (18) (Fig. l ) ,  but qualitative differences in 
behavior were also observed. For example, V elicited less gnawing be- 
havior than apomorphine but produced intense salivation. The highest 
dose of V tested for activity (25 mg/kg) approached the lowest dose for 
which lethality was observed (30 mg/kg). Death appeared due to respi- 
ratory arrest and was sometimes preceded by clonk seizures. 


Table I lists the mean activity per rat. The activities for apomorphine 
and V are depicted in Figs. 1 and 2 and are expressed as a percentage of 
the maximum activity observed. The ratios of killed per treated rats are 
given in Table 11. 


During the tests for behavioral stereotypy, both I1 and VI were noted 
to  elicit flushing of the tail, ears, and paws. This effect was especially 
pronounced and reproducible for VI and occasioned the analysis of VI 
on blood pressure. Compound VI did not significantly alter systolic 
pressure, but single intraperitoneal doses (30 mg/kg) significantly lowered 


11: R = CH, 
111: R = CO,CH,CCl, 
I V : R = H  


VI: R = CH,CH,CH, 
V: R = CH,CH, 
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Table I-Induction of Behavioral Stereotypes a in Rats 
~~~~~ ~ 


Compound Doseb, mg/kg n Mean Activity/Rat 


ControlsC 1 6 0 
Apomorphine 10 15 12.7 


111 30 4 0 
I1 30 4 0.25 


V 3 4 0.25 
6 4 1.0 
9 4 1.25 


VI 


15 
20 
25 
30 


4 2.25 
4 3.5 
4 5.25 
3 0.33 


0 Stereotypic behavior was scored according to the scale of Costall et al. (18). * All 
compounds were administered intraperitoneally in polyethylene glycol 400 (70%). 


Controls received polyethylene glycol 400 (1 ml/kg). 


diastolic pressure in normotensive rats (Fig. 3). The hypotensive effect 
of VI occurred at  2 hr and was sustained for 1 hr. The hypotensive effects 
of VI relative to polyethylene glycol 400 (PEG) may have been obscured 
by an apparently abrupt (although statistically insignificant) increase 
in diastolic pressure (Fig. 3). 


Hypotensive activity with certain ergolinyl methyl esters was reported 
previously (19,20). 


EXPERIMENTAL' 


6-Nor-6-(2,2,2 - trichloroethoxycarbonyl)-9,lO-dihydrolysergic 
Acid Methyl Ester (111)-A mixture of I1 (21) (0.425 g, 0.0015 mole), 
potassium bicarbonate (0.729 g, 0.0073 mole), and 2,2,2-trichloroethyl 
chloroformate (0.619 g, 0.0029 mole) in 60 ml of absolute methylene 
chloride was refluxed for 24 hr. 2,2,2-Trichloroethyl chloroformate (1.48 
g, 0.0070 mole) was added, and refluxing was continued for an additional 
24 hr. The reaction mixture was cooled, filtered, and evaporated under 
reduced pressure to yield a white solid. Recrystallization from absolute 
methanol gave 0.602 g (90%) of crystalline product, mp 208-210"; IR 
(KBr): 3485 (N-H, indole) and 1740 (C=O, ester and carbamate) cm-'; 
NMR (dimethyl sulfoxide-ds): 6 3.70 (s, 3H, COOCHB), 4.90 (s, 2H, 
OCH&C13), 6.67-7.20 (rn, 4H, aromatic), and 7.27 (s, IH, NH). 


Anal.-Calc. for C19H19C13N204: C, 51.19; H, 4.30; C1, 23.86; N, 6.29. 
Found: C, 51.14; H, 4.20; C1, 24.21; N, 6.13. 


6-Nor-9,lO-dihydrolysergic Acid Methyl Ester (1V)-A solution 
of I11 (0.877 g, 0.0020 mole) in 100 ml of acetic acid was treated in one 
portion with powdered zinc dust (2.58 g, 0.039 g-atom), and the mixture 
was stirred for 60 hr at room temperature. Then the reaction mixture was 
filtered, and the inorganic residue was washed with acetic acid. The re- 
action mixture was diluted with water (100 ml) and extracted two times 


v 


0 5 10 15 20 25 30 
DOSE, rng/kg ip 


Figure 1-Dose-response curves for stereotypic behavior induced by 
apomorphine (0)  or V (0). 


1 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 theinternal standard. Analytical data were obtained 
from Micro-Analysis Inc., Wilmington, Del. 


90 


7 0  


15 \ \ 


MINUTES 


Figure 2-Time course of stereotypic behavior induced by graded doses 
of V. Numbers denote doses of V (milligrams per kilogram). 


with 50-ml portions of chloroform. The aqueous acetic acid solution was 
cooled in an ice bath and carefully basified with 8 N NH4OH solution. 


The basic solution was extracted three times with 75-ml portions of 
chloroform. The combined chloroform extracts were dried (sodium sul- 
fate), filtered, and evaporated under reduced pressure to yield 0.384 g 
(72%) of a light-tan solid. The hydrogen maleate salt was prepared and 
recrystallized from methanol to yield analytically pure material, mp 
211-213O [lit. (11) mp of the free base 172"]; IR (KBr): 3300 (N-H, indole) 
and 1700 (C=O, ester) em-'; NMR (dimethyl sulfoxide-d6): 6 3.70 (s, 3H, 
COOCH3), 7.10 (s, lH,  NH), and 6.50-7.17 (m, 4H, aromatic). 


Anal.-Calc. for CzoHzzNz06: C, 62.16; H, 5.75; N, 7.25. Found: c ,  
62.20; H, 5.88; N, 7.04. 
6-Nor-6-n-propyl-9,lO-dihydrolysergic Acid Methyl Ester (V1)- 


A mixture of IV (0.300 g, 0.0011 mole) and potassium carbonate (0.306 
g, 0.0022 mole) in 25 ml of dirnethylformamide was treated with n-propyl 
iodide (0.377 g, 0.0022 mole). After heating for 24 hr a t  50", the reaction 
mixture was cooled, filtered, and evaporated under reduced pressure to 
afford a light-brown oil. The oil was taken up into 200 ml of chloroform 
and washed with 200 ml of water. The chloroform phase was dried (so- 
dium sulfate), filtered, and concentrated under reduced pressure to give 
a light-tan solid. Recrystallization from methanol afforded, in two crops, 
0.162 g (47%) of analytically pure material, mp 215-216O [lit. (17) 212- 
214'1; IR (KBr): 3300 (N-H, indole) and 1730 (C=O, ester) cm-l; NMR 


Table 11-Lethality of V 


Dose, mg/kg Dead/Treated 


20 014 
25 0/4 
30 1 /4 
40 1 /4 
50 2/4 
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1 3 , r  
13oc  


121 


75 - 
PEG 70-1 .- 65 


60 .- 


55 t I I ‘  
50 L- 1 I I I I I I 


1 2 3 4 5 6 7  
TIME AFTER ADMINISTRATION 


(successive 30-min intervals) 
Figure 3-Impact of V I  on blood pressure. Vertical bars denote stan- 
dard error of the mean (n = 4), and asterisk signifies p < 0.05. 


(CDC13): 6 0.90 (t, 3H, C H Z C H ~ C H ~ ) ,  1.07-3.53 (m, 13H), 3.70 (s, 3H, 
COOCH& 6.87-7.23 (m, 4H, aromatic), and 7.97 (s, lH, NH). 


Anal.-Calc. for C19H24N202: C, 73.02; H, 7.76; N, 8.97. Found C, 
73.04; H, 7.59; N, 8.94. 
6-Nor-6-ethyl-9,1O-dihydrolysergic Acid Methyl Ester (V)-This 


compound was; synthesized from IV (0.202 g, 0.0008 mole), potassium 
carbonate (0.103 g, 0.0008 mole), and ethyl iodide (0.233 g, 0.0015 mole) 
in 25 ml of dimethylformamide in the same manner as described for VI. 
Column chromatography of the product with silica gel as the adsorbent 
and chloroform-methanol (95:5) as the solvent, gave, after evaporation 
of the solvents, 0.162 g (75%) of a light-brown solid, mp 168-169’ [lit. (11) 
170-174O]; IR (KBr): 3300 (N-H, indole) and 1730 (C=O, ester) 
cm-1. 


Pharmacological Testing-Ergolines 11,111, V, and VI were evalu- 
ated for their ability t o  induce stereotypic behavior in rats. Stereotyped 
behavior was scored with the system of Costall et al. (18). Male Spr- 
ague-Dawley rats2 were given intraperitoneal injections of test substances 
dissolved in polyethylene glycol 400 (70%). Dosages are listed in Table 
I. Apomorphinca was used as a reference compound, and control animals 
received only polyethylene glycol 400 (1 ml/kg). Observations were made 
for 6 hr while animals were housed individually in clear, polycarbonate 
cages (25.4 X 48.4 X 20.3 cm). 


The time course of V after single intraperitoneal doses was evaluated 
using a slightly different scoring system. Animals were accorded points 
graded for intensity as follows: no activity, 0; sniffing, 1,2, or 3; licking, 
4,5, or 6; and gnawing, 7,8, or 9. Figure 2 shows the time course for V 
following doses of 3,9, 15,20, and 25 mg/kg. Activity is expressed as a 
percentage of the maximum observed. 


Blood pressure was recorded directly from the carotid artery. Hepar- 
inized rats were anesthetized with urethan (1.2 g/kg ip). Polyethylene 
cannula tubing3 (0.58-mm i.d., 0.97-mm 0.d.) was inserted into the carotid 


Harland. 
3 Intramedic. 


artery and connected uia a three-way valve to a pressure transducer4. 
Recordings were made with a physiological recorder5. The system was 
calibrated prior to recording blood pressure for each animal. Both systolic 
and diastolic pressures were recorded continuously. 


Each animal served as its own control, receiving polyethylene glycol 
400 initially, followed by VI a t  a dose of 30 mg/kg. All injections were 
given intraperitoneally. Animals were allowed to stabilize for 60 min after 
injection of polyethylene glycol 400 and prior to the injection of VI dis- 
solved in polyethylene glycol 400 (uide supra). Pressures for each animal 
for the control (polyethylene glycol 400) interval and for each successive 
30-min interval after treatment with VI represent average pressures (n  
= 7) for the interval (Fig. 3). Pressure differences between polyethylene 
glycol 400 treatment and treatment with VI were evaluated for signifi- 
cance using the paired rank sum test of Wilcoxon (22). 


The acute toxicity of V was determined by noting the number of ani- 
mals surviving 24 hr after administration. 
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clearance rate for females, which is hampered somewhat by insufficient 
practice problems of this type at the end of the chapter. 


“Some Calculations Involving Parenteral Admixtures” is another new 
chapter. The material covers the application of the milliequivalent and 
millimole concepts to the use of additive solutions in parenteral therapy. 
The use of various solutions obtained from ampuls or vials and the con- 
stituting of total parenteral nutrition or hyperalimentation fluids are 
included, as are computations of the flow rates of intravenous solu- 
tions. 


“Pharmaceutical Calculations” has been a standard text for many 
years. Its clear but concise explanations, numerous examples, and various 
practice problems have made it so. The new materials are good additions 
to an already excellent book. 


Reviewed by Noel 0. Nuessle 
School of Pharmacy 
University of Missouri-Kansas City 
Kansas City, MO 64110 


Sustained Release Medications. Edited by J. C. JOHNSON. Noyes 
Data Corp., Mill Rd. a t  Grand Ave., Park Ridge, NJ  07655.1980.412 
pp. 15 X 23 cm. Price $54.00. 
In the foreword, the editor gives an excellent and precise description 


of the information contained in the book. The information is based on 
US.  patents issued since January 1974 in the field of sustained-release 
medications. The editor indicates that the book is a data-based publi- 
cation, providing information retrieved and made available from the US. 
patent literature. Thus, it serves a double purpose in that it supplies 
detailed technical information and can he used as a guide to the patent 
literature in this field. By indicating all the significant information and 
eliminating legal jargon and juristic phraseology, this book represents 
an advanced, commercially oriented review of recent developments in 
the field of sustained-release medications. The book is composed of 14 
chapters; it contains 263 patents covering 204 processes. 


The first chapter deals with patents describing the preparation of ex- 
cipients used in the manufacture of these medications. Included are 
controlled-release tableting media (talc, ethylcellulose, methyl stearate 
mixtures, hydrated hydroxyalkylcellulose plus aliphatic alcohol, and salts 
of polymeric carboxylates), polymer gels (chelated hydrogels and 
water-insoluble hydrophilic copolymers), enteric-coating materials 
(cellulose ether compositions, partial esters of acrylate-unsaturated 
anhydride copolymers, and water-soluble coating resins), and polyesters 
(polymers with oxyacycloalkane units, polymers with alkoxy or oxacy- 
cloalkane substituents, bioabsorbable polyglycolic acid polyester con- 
densates, and bioerodable partial esters of polycarboxylic acids). 


Patented processes involved in the preparation and coating of micro- 
capsules is covered in Chapter 2. Chapter 3 includes processes for pre- 
paring capsules as well as tablet cores and tablet coatings. Patents dealing 
with films and webs are discussed in Chapter 4. The fifth chapter de- 
scribes 10 processes utilized in the design of diffusion devices containing 
medications soluble to some extent in the polymeric material. Chapter 
6 includes 16 processes involved in the preparation of osmotic devices 
that use polymeric materials permeable to water and body fluids but not 
permeable to the drug. 


The next four chapters describe devices such as implants, ocular in- 
serts, intravaginal and intrauterine inserts, and devices for use in the GI 
tract. These devices utilize bioerodable polymers selected so that the 
device and the medication are absorbed by the body. Chapters 11-13 deal 
with various sustained-release medications such as heart and circulatory 
drugs, antispasmodics, antibiotics, aspirin, and analgesics and GI tract 
drugs. The final chapter describes veterinary preparations. 


The book is a must for individuals interested in sustained-release 
technology. It is well written and would be a great timesaver and a source 
of many excellent ideas. 


Reviewed by Farid Sadik 
College of Pharmacy 
University of South Carolina 
Columbia. SC 29208 
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Abstract Both bovine enamel and hydroxyapatite pellets were 
remineralized in a fluoride-containing remineralization solution after 
prior demineralization for various lengths of time. In both the enamel 
and pellet systems, the degree of remineralization attainable was directly 
related to the extent of prior demineralization, although the demineral- 
ized material was never 100% recovered in remineralization. In some 
cases, fluoride levels up to several thousand parts per million were found 
at  depths as great as 50 pm from the surface. The stoichiometry of the 
remineralized material and electron microprobe examination were con- 
sistent with the formation of fluoridated hydroxyapatite rather than 
calcium fluoride. 


Keyphrases Fluoride-remineralization of demineralized bovine 
tooth enamel and hydroxyapatite pellets 0 Remineralization-of de- 
mineralized bovine tooth enamel and hydroxyapatite pellets 0 Hy- 
droxyapatite pellets-remineralization along with demineralized bovine 
tooth enamel Teeth, bovine-remineralization of demineralized tooth 
enamel and hydroxyapatite pellets 


Previous studies performed in these laboratories (1 ,2)  
led to the development of a model for hydroxyapatite 
dissolution involving two distinct crystalline dissolution 
sites (3). This model is consistent with dissolution kinetic 
data and explains the observed morphology of hydroxy- 
apatite dissolution at both the single-crystal level (4) and 
at  the level of a compressed hydroxyapatite pellet or a 
block of tooth enamel (3). 


In studying demineralization of remineralized enamel, 
it was noted (5, 6 )  that when enamel was demineralized 
under conditions where the medium was partially satu- 
rated with respect to hydroxyapatite, subsequent remin- 
eralization was successful; but when prior demineralization 
was carried out under more severe conditions, remineral- 
ization attempts gave poor results. 


Since successful remineralization occurred under con- 
ditions where dissolution via only Site 1 would be ex- 
pected, the hypothesis follows that this site might be the 
principal one for successful remineralization. This re- 
mineralization might consist chiefly of the filling of c-axis 
holes. 


The present experiments were designed to test for the 
existence of a relationship between the amount of de- 


mineralization oia Site 1 and the subsequent degree of 
remineralization attainable. 


EXPERIMENTAL 


Materials-Bouine Teeth-Bovine incisors were used. Labial surfaces 
wera ground with fine sandpaper to remove the pellicle. 


ffydroryapatite PelletsSynthetic hydroxyapatite crystals, prepared 
using the procedure developed by Moreno et al. (7), were used in the 
preparation of pellets. About 50 mg of hydroxyapatite, preequilibrated 
in a humidity chamber containing saturated potassium nitrate aqueous 
solution to maintain the humidity a t  -67%, was compressed in a die 
(0.62-cm diameter) under a force of 10,000 lb using a laboratory press. 


Buffer Solutions-A solution 16% saturated (on a molar basis) with 
respect to the thermodynamic solubility of hydroxyapatite was used for 
demineralization. The solution was a 0.1 M acetate buffer containing 3.5 
mM each of total calcium and total phosphate. The pH was adjusted to 
4.5 with so 'um hydroxide, and the ionic strength was adjust4 to 0.5 with 


containing 12 mM of total calcium (including calcium 45 activity of 0.2 
mCi/liter of solution), 12 mM total phosphate, 10 ppm of fluoride, and 
sodium chloride to adjust the ionic strength to 0.5 was used. 


of this buffer 
was Although not saturated with respect to hydroxyapatite, this 
solution has a high enough degree of partial saturation so that hydroxy- 
apatite dissolution would be expected to proceed slowly, if at all, based 
on previous work with solutions approaching this level of calcium and 
phosphate concentrations (3,8). 


Demineralization-A bovine tooth was covered with inlay wax except 
for 0.25 cm2 of the labial surface. In the pellet experiments, a hydroxy- 
apatite pellet with a surface area of 0.58 cm2 was fixed on a small glass 
plate by the wax. Either the tooth or pellet then was demineralized in the 
16% partially saturated buffer solution for 0.5-6 hr. The solution was 
shaken gently with a wrist-action shaker' and kept at 30'. The volume 
of the buffer solution was 10 rnV0.25 cm2 of the sample surface. 


Remineralization-The demineralized tooth or pellet then was given 
a remineralization treatment for 24-72 hr in 50 ml of the remineralization 
buffer solution. The solution was shaken gently and kept a t  30' as re- 
mineralization proceeded. 


Etching and Scraping-The remineralized sample then was etched 
in 1 ml of 0.5 M HClOd for successive periods of 15,15,30,60,120,200, 
and 200 sec; the surface was washed with 1 ml of water after each etching 
step. The depths of the etched layers were estimated from the amounts 
of phosphate etched. Some hydroxyapatite pellets were scraped evenly 


sodium ch ? oride. For remineralization, a 0.1 M acetate buffer (pH 4.5) 


The ionic activity of hydroxyapatite, K H A ~  


~ ~ 


1 Burrell Co. 
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Figure I--Total phosphate dissolved from bovine tooth as a function 
of demineralization time. 


Figure 3-Influence of demineralization time on 24-hr fluoride uptake 
profiles in bovine teeth. Key: ----, Dfi-RZ4,’ - , &-R24,’ ---, D1-R24; 
and ---, D&24. 
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by a sharp razor in lieu of etching. The depths of the scraped layers were 
estimated from the weights of the powdered scrapings. This powder then 
was dissolved in perchloric acid and assayed to determine fluoride and 
calcium 45 concentrations. 


Analytical Techniques for Phosphate, Fluoride, Calcium, and 
Calcium 45-Phosphate concentrations were determined by the method 
of Gee et al. (9), in which the phosphoammonium-molybdate complex 
formed is reduced by stannous chloride. The absorbance of the resulting 
blue color is determined after 15 min at 720 nm2. Fluoride concentrations 
were determined by a fluoride electrode3 using a low level total ionic 
strength-adjusting buffer. Concentrations of calcium 45 were determined 
by a scintillation counter4. 


Depth of Etchings-The depths of the etched layers of the teeth and 
hydroxyapatite pellets were calculated from the amounts of phosphate 
removed in the etchings, assuming the density of the samples to be 2.95 
g/ml. This information then was used to calculate the fluoride and cal- 
cium 45 content of the mineral per unit volume. 


Recovery of Demineralized Mineral by Remineralization-The 
extent of remineralization is defined by the molar ratio of the total 
amount of fluoridated hydroxyapatite formed during remineralization 
to the amount of hydroxyapatite dissolved during demineralization. In 
this study, the molar ratio was defined as the cumulative calcium 45 taken 
up during remineralization to the calcium dissolved during demineral- 
ization. 


DEPTH, pm 


Figure 2-Influence of demineralization time on 24-hr calcium 45 
uptake profiles in bovine teeth. The D and R represent demineralization 
and remineralization, respectively. The lower subscripts represent the 
time in hours. Key: ----, D6-R24,’-, &-R24,’ ---, D1-R24; and ---, 
DO-R24. 


Hitachi 690 spectrophotometer. 
Model 94-09, Orion Co. 
Liquid scintillation system, Beckman Instruments. 


RESULTS 


Effect of Demineralization on Remineralization-Bovine teeth 
were demineralized in 10 ml of the 16% saturated buffer solution for 0-6 
hr. Figure 1 shows the total phosphate (milligrams) dissolved per 0.25 
cm2 of surface. These results show that the buffer solution was not yet 
saturated with respect to hydroxyapatite after 6 hr of demineralization. 
That is, dissolution was still occurring. 


To investigate the effects of demineralization on subsequent remin- 
eralization, the bovine teeth demineralized for 0-6 hr were remineralized 
for 24 hr. Figure 2 shows calcium 45 concentration profiles for these teeth. 
The calcium 45 concentration increases with increasing demineralization 
times, and the enamel not subjected to prior demineralization (Do) was 
remineralized to a negligible extent. Figure 3 shows the fluoride con- 
centration profiles of the same samples. Fluoride concentrations also 
increased with increasing demineralization times. However, the fluoride 
uptake of nondemineralized enamel was not negligible as was the calcium 
45 uptake, probably as a result of a higher tendency for superficial ion 
exchange. 


The fluoride concentration gradient of the teeth demineralized less 
than 1 hr decreased rapidly from the high levels a t  the surface to <500 
ppm at  a depth of only 20 pm, but the teeth demineralized more than 1.5 
hr had much higher fluoride gradients, decreasing gradually to 
-1000-2000 ppm of fluoride at  depths of -50-60 fim. These results are 
consistent with results in which teeth demineralized under mild condi- 
tions are rehardened or remineralized much easier than sound teeth (10, 
11). 


The effect of remineralization time on the calcium 45 and fluoride 
uptake was examined by remineralizing the teeth for 24 and 72 hr fol- 
lowing 6 hr of demineralization. Figure 4 shows the resulting calcium 45 
concentration profiles. They were nearly the same with remineralization 
being essentially complete at 24 hr. 
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Figure 5-Influence of demineralization time on 24-hr fluoride uptake 
profiles in hydroxyapatite pellets as measured by the perchloric acid 
etch technique. Key: ----, Ds 0-R24; ---, D1.5-R24; and -, DQ o - R z ~ .  


T o  confirm that the demineralizationhernineralization dependence 
seen in bovine teeth was indeed a result of hydroxyapatite behavior as 
expected from the model and not caused primarily by the enamel matrix, 
the remineralization of hydroxyapatite pellets was examined by the same 
method as used for the bovine teeth. Hydroxyapatite pellets were de- 
mineralized for 0,1.5, or 3 hr. Figure 5 shows the fluoride concentration 
profiles obtained after remineralizing these pellets for 24 hr. The con- 
centrations increased with increasing demineralization time in accord 
with the results obtained with bovine teeth. Although the calcium 45 
uptake data are now shown, they were also coincident with the enamel 
data. However, fluoride and calcium 45 concentrations in the nonde- 
mineralized pellet were noticeably higher than those observed in 
enamel. 


Mineral  Recovery by Remineralization-The extent of mineral 
recovery was calculated in several experiments with bovine enamel and 
hydroxyapatite pellets (Fig. 6). In no case was the demineralized mineral 
completely replaced during remineralization. 


Form of Incorporated Fluoride-If fluoridated hydroxyapatite was 
formed from the ions supplied by the remineralization solution, the molar 
ratio of calcium 45 to fluoride uptake should be 5.0; a ratio of 0.5 would 
be expected for the formation of calcium fluoride (I). Figure 7 shows the 
molar ratio of calcium 45 to fluoride uptake after 24 hr of remineralization 
for both bovine teeth and hydroxyapatite pellets as a function of de- 
mineralization time. The ratios were -5.0, corresponding to the formation 
of fluoridated hydroxyapatite. However, for demineralization of <1.5 
hr, the ratios were <5 but much higher than the 0.5 ratio expected from 
the formation of I. This discrepancy from 5.0 might be due to the for- 
mation of I to a small extent or to the ion exchanges of calcium and hy- 
droxide ions of hydroxyapatite for calcium 45 and fluoride in the buffer 
solution. 


In a remineralization study with hydroxyapatite powder using a re- 
mineralizing solution identical to that described earlier, it was shown by 
extraction with potassium hydroxide that the fluoride in the remineral- 
ized material is not in the form of I and is most likely apatitic (12). 


As an independent check of the results obtained hy the etching method, 
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Figure 7-Influence of demineralization time on the calcium 45 to 
fluoride molar ratio of the subsequently remineralized phase. Key: @, 
booine tooth (etching method); m, hydroxyapatite pellet (etching 
method); and A, hydroxyapatite pellet (scraping method). 


the remineralization of hydroxyapatite pellets was investigated by the 
scraping method. Pellets remineralized for 24 hr following 1.5 or 3.0 hr 
of demineralization were scraped to a depth of 4 0  pm, and the scrapings 
were analyzed for fluoride and calcium 45. The uptakes of fluoride and 
calcium 45 measured in this way were almost identical to those obtained 
by the etching method. The molar ratios of calcium 45 to fluoride uptake 
obtained from the etching and scraping techniques are shown in Fig. 7. 
The coincidence of the results of the two methods confirms the results 
obtained from the etching method. As a further check, electron micro- 
probe determinations (calcium, phosphate, and fluoride) as a function 
of depth were carried out on sectioned, remineralized bovine teeth. The 
results were in good agreement with the perchloric acid method. 


All experiments were carried out in duplicate, with the variation be- 
tween the two trials typically on the order of 10-15%. 


DISCUSSION 


In both bovine enamel and compressed hydroxyapatite pellets, there 
was a direct relationship between the amount of mineral lost during de- 
mineralization and the amount regained during remineralization for the 
time periods studied. In all cases, there was greater uptake of calcium 45 
and fluoride in the pellet than in the bovine enamel. This difference is 
likely due to the higher porosity of the pellet. These results are consistent 
with the idea that when there is no prior demineralization, re- 
mineralization is restricted to available void spaces in the pellet or enamel. 
During demineralization, however, additional spaces are created (in- 
cluding c-axis holes in the crystals) in which remineralization can occur. 
It appears that remineralization is occurring both in the initial voids and 
in the voids created by demineralization. 


The extent of remineralization after a 24-hr remineralization treatment 
was considerably less than 100% both for bovine teeth and hydroxyapatite 
pellets. However, in the real in uiuo situation where teeth are continuously 
undergoing demineralization/remineralization cycles, the extent of 
remineralization must, on the average, be 100% unless there is an ongoing 
net growth of lesions. 


It was expected that for longer demineralization times, the recovery 
during remineralization might be <loo% because many more crystals 
would have time to dissolve completely, leaving no templates for subse- 
quent remineralization. Work currently in progress in these laboratories, 
using microradiography as a tool for measuring mineral density profiles 
(13), has shown that this is the case. The described demineralization 
conditions result in a recession of the surface due to  complete removal 
of -40 pm of enamel, below which there is a lesion -40 pm deep that is 
completely filled during the subsequent remineralization treatment. 


This mechanism implies that  for short demineralization times, nearly 
100% recovery might be expected. In actuality, for the shortest demin- 
eralization times ( d . 5  hr), the extent of remineralization was less than 
for some longer demineralization times. One possible explanation is that 
the starting enamel or pellet was not uniform and that the very first 
material removed in the demineralization was some more soluble phase 
that did not dissolve uia the hole-forming mechanism presumably fol- 
lowed by hydroxyapatite under these conditions and, hence, did not leave 
any such templates for remineralization. 


CONCLUSIONS 


Both bovine enamel and hydroxyapatite pellets were remineralized 
in a fluoride-containing remineralization solution after prior deminer- 
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alization for various lengths of time. In both the enamel and pellet sys- 
tems, the degree of' remineralization attainable was directly related to 
the extent of prior demineralization, although in no instance was the 
demineralized material 100% recovered in remineralization. Fluoride 
levels up to several thousand parts per million were found a t  depths as 
great as 50 pm from the surface in some cases. The stoichiometry of the 
remineralized material and electron microprobe examination were con- 
sistent with the formation of fluoridated hydroxyapatite rather than I. 
The detailed characterization of the behavior of the remineralized ma- 
terial is now being addressed in studies in these laboratories. 
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Abstract 0 Laboratory studies were carried out on a newly conceived 
fluoride-containing remineralizing system with bovine teeth. The pro- 
totype fluoride delivery device involved micronized calcium fluoride 
maintained a t  the tooth surface with a cellulose film. Together with sal- 
ivary calcium and phosphate (or simulated saliva), this system was able 
to generate and maintain the appropriate thermodynamic activity driving 
force for significant fluorapatite deposition in a reasonably short time 
(-48 hr). 


Keyphrases 0 Delivery devices-fluoride, remineralization of bovine 
teeth, effect of film thickness and particle size Fluoride-delivery 
devices for remineralization of bovine teeth, effect of film thickness and 
particle size on remineralization Remineralization-bovine teeth, 
fluoride delivery devices, effect of film thickness and particle size on 
remineralization Teeth, bovine-remineralization using fluoride de- 
livery devices, effect of film thickness and particle size on remineraliza- 
tion 


Recent in uitro studies in these laboratories (1) showed 
that the amount of fluoride incorporated in a reminerali- 
zation treatment can be increased substantially if the tooth 
is demineralized carefully prior to the remineralization. 
This finding suggests that successful remineralization 
might be attained in uiuo if the teeth could be demineral- 
ized to the same extent as in the in uitro experiments. This 
paper describes the initial studies in the development of 
a fluoride topical delivery system designed to achieve in 
uiuo results similar to the results obtained in uitro. 


In vitro remineralization can be very successful when 
the ionic activity product, KFAP (a&+a$o~-a&), is 
(1). Less concentrated solutions provide less driving force 


for remineralization; more concentrated solutions may 
result in the rapid precipitation of calcium fluoride (I) or 
dicalcium phosphate dihydrate (11) in the prepared solu- 
tions themselves or in enamel pores, thereby blocking or 
retarding remineralization. It was decided to control the 
solution conditions at  the enamel surface by supplying 
fluoride in the form of I suspended in a film adhering to the 
enamel surface. 


Calculations have shown that mixtures of I and I1 or I 
alone in the film should result in solution compositions 
appropriate for remineralization at  the enamel surface. 
Furthermore, the relatively low solubility of I limits the 
rate at  which the suspended particles dissolve, so that 
fluoride applied in this way is inherently long acting, even 
with no moderation from the film. This fact makes the film 
design problem much simpler than when a more soluble 
fluoride source such as sodium fluoride is used and the film 
must then control the release rate. Therefore, the problem 
of film design is not to find a film with a narrowly pre- 
scribed set of properties but rather to find a film that can 
hold the particles of I in place while being porous to saliva 
and interfering minimally with particle dissolution. 


EXPERIMENTAL 


Materials and Methods-Bovine teeth from 8-week-old, crate-fed, 
strictly kosher calves were obtained from packing houses in the Chicago 
area. These animals were chosen because each is subjected to rigidly 
controlled and uniform environmental conditions (including diet) and 
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Abstract o A series of 3-(aminoacyl)-l-[[ [5-(substituted pheny1)-2- 
furanyl]methylene]amino]-2,4-imidazolidinediones was synthesized and 
evaluated for skeletal muscle relaxant activity. All compounds were active 
by the intravenous route, and nine of 11 were active orally. One compound 
was very active when evaluated by the mouse Straub tail and rotarod 
tests; its efficacy index (ED50 rotarod/EDso Straub tail) was 2.0, while 
its therapeutic index (LD50/ED50 Strauh tail) was >225. 


Keyphrases 0 3-Aminoacyl-substituted 2,4-imidazolidinediones- 
synthesis and evaluation for skeletal muscle relaxant activity, mice 0 
Dantrolene sodium-related compounds synthesized and evaluated for 
skeletal muscle relaxant activity, mice d Skeletal muscle relaxant ac- 
tivity-dantrolene sodium-related compounds synthesized and evaluated 
for activity, mice 0 Muscle, skeletal-relaxant properties evaluated in 
dantrolene-related compounds, mice 


Several 2,4-imidazolidinediones have skeletal muscle 
relaxant activity (1). One member of this series, dantro- 
lene', caused skeletal muscle relaxation by a unique 
mechanism, acting directly on the skeletal muscle (2, 3). 
It has been hypothesized that dantrolene sodium induces 
muscle relaxation by inhibiting the release of Ca2+ from 
the sarcoplasmic reticulum (4,5). 


This paper presents the syntheses (6) and skeletal 
muscle relaxant activity of a series of 3-aminoacyl com- 
pounds related to dantrolene. 


EXPERIMENTAL* 


The imidazolidinediones selected as starting materials were prepared 
by a literature method (1). The title compounds (Table I) were prepared 
by the general procedure shown in Scheme I and as exemplified by the 
following typical reaction. 


3 -(3-Aminopropionyl)-l-[ [[5-(4-nitrophenyl)-Z-furanyl]methy- 
lene]amino]-2,4-imidazolidinedione Hydrochloride (1ILa)-N- 
tert- Butoxycarbonyl-0-alanine (14 g, 0.075 mole) in dimethylformamide 
(350 ml) was cooled to Oo, and triethylamine (21 ml, 0.15 mole) was added 
rapidly. The solution was maintained at  from -5 to -10" while isobutyl 
chlorocarbonate (10.5 ml, 0.075 mole) was added. The stirred solution 
was kept a t  -5" for 10 min, and then solid 1-[[[5-(4-nitropheny1)-2-fur- 
anyl]methylene]amino] -2,4-imidazolidinedione (21 g, 0.068 mole) was 
added over 5 min. The temperature was maintained a t  from -5 to 0" for 
30 min, and then the solution was stirred for 1 hr without cooling. The 
dimetbylformamide solution was poured into a stirred solution of ice 
water (3.0 liters) containing concentrated hydrochloric acid (50 ml). The 
resulting yellow solid was collected and air dried. Recrystallization from 
acetonitrile (2.5 liters) yielded 17 g (51%) of intermediate product, mp 
213-214'. 


The 3 -13 - (N-  tert- butoxycarbony1amino)-1-oxopropyl-1- [ [ [5 - (4 -nitro- 
phenyl)-2-furanyl]methylene]amino]-2,4-imidazolidinedione (17 g, 0.035 
mole) was added to 3% hydrochloric acid-acetic acid (400 ml) at  15O, and 
the mixture was stirred for 5 hr. The mixture was filtered, and the col- 
lected solid was washed with nitromethane (200 ml) and ether (100 ml). 
The solid was dried in a 60" oven overnight, yielding 14 g of IIIa (94%, 


Morton-Norwich Products. * Melting points were taken in a Mel-Temp apparatus in open capillary tubes 
and are uncorrected. IR spectra were determined as Nujol mulls on a Perkin-Elmer 
137B spectrophotometer. 


0 
II 


(CHI) ,COCNHCH(CH,),,CO,H + ClCO,CH,CH(CHJ, + a 


triethylamine 
HCl,H,O 


I + X  
H,C-C'=O 


H,&C'=O 


I1 
k 


3% HCI/HO,CCH, 
I1 t 


k H,C-C'=O 


IIIn-IIIh 
Scheme I-See Table I for specific ualues for X, R, and n 


48% overall), mp 211-212O; I R  2.8-4.0 (broad N-H), 5.6,5.7,5.8,6.25, 
6.6, and 7.5 p. 


Pharmacology-Gross Obseruation-Groups of three unfasted male 
mice3, 20-27 g, were used. The drugs were administered perorally at doses 
of 50-800 mgkg as a 2% concentration suspended in 0.5% methylcellulose 
4000 cps4. Gross observation for pharmacological effects were made for 
2 hr, utilizing a rating of drug effect signs similar to that described by 
Irwin (7). Muscle relaxation was rated on a scale from 0 to 4 0, no effect; 
1, slight; 2, moderate; 3, marked; and 4, extreme. 


Pithed Rat Gastrocnemius Muscle Preparation-The method used 
for direct stimulation of the gastrocnemius muscle in rats5 (n = 4) was 
the same as that described previously (8). The test drugs were adminis- 
tered intravenously at logarithmically spaced doses in tetrahydrofurfuryl 
alcohol6 or dimethyl sulfoxide'. Solvent effects accounted for a <20% 
decrease in the twitch response a t  the highest volume tested. 


Rotarod Testing in Mice-A method similar to that described by 


Taconic Farms, TAC(SW)fBr. 
Methocel, Dow Chemical Co. 
Taconic Farms. TACSDINfBr 
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Table I-Physical Properties of IIIa-IIIk 


Yield, Melting 
ComDound X n R % Point Formula 


Analysis, % IR of 
Calc. Found Carbonyls, p 


IIIa 4-NO2 


IIIb 3-C1,4-C1 


IIIC 4-F 


IIId 4-C1 


IIIe 3-C1,4-C1 


IIIf 4-CN 


IIIg 3-C1,4-C1 


IIIh 3-C1,4-C1 


IIIi 4-OCH3 


IIIj 3-C1,4-F 


IIIk 3-CF3,4-C1 


1 


1 


1 


1 


0 


1 


4 


0 


1 


1 


1 


48 


45 


28 


82 


25 


62 


28 


52 


40 


28 


49 


211-212' 


199-202' 


195-197' 


242-245' 


192-196' 


193-194' 


205-207' 


152-160' 


190' dec. 


191-193' 


198-199' 


C 48.41 
H 3.82 
N 16.61 
C 45.81 
H 3.39 
N 12.57 
C 51.72 
H 4.08 
N 14.19 c 49.77 
H 3.69 
N 13.66 
C 45.81 
H 3.39 
N 12.57 
C 53.08 
H 4.01 
N 17.43 
C 49.24 
H 4.34 
N 11.49 
C 52.94 
H 3.67 
N 10.74 
C 53.14 
H 4.71 
N 13.77 
C 41.57 
H 3.52 
N 13.05 
C 45.11 
H 3.15 
N 11.69 


48.44 
3.95 


16.92 
45.81 


3.33 
12.45 
51.96 


4.18 
13.94 
49.90 


3.87 
13.48 
45.98 


3.41 
12.65 
53.55 
4.05 


17.30 
49.24 


4.30 
11.51 
52.66 


3.85 
10.67 
53.41 


4.93 
13.77 
47.50 


3.88 
13.00 
45.26 


3.43 
11.45 


5.6,5.7,5.8 


5.55,5.7,5.8 


5.6,5.7,5.8 


5.55,5.7,5.8 


5.55,5.7,5.8 


5.55,5.65, 5.8 


5.5,5.65,5.8 


5.6, 5.7, 5.8 


5.6,5.7,5.85 


5.55,5.1,5.8 


5.5,5.7,5.8 


a Compounds IIIa-IIIk showed the higher energy absorptions of the ring C=O at 5.55-5.6 j~ upon acylation and loss of tautomerism; in contrast, the starting material 
for IIIa, for example, exhibited C=O values at 5.68 and 5.85 ~(1). 


Table 11-Skeletal Muscle Relaxant Activity of a Series of 3-(Aminoacyl)-l-[[[5-(substituted phenyl)-2-furanyl]methylene]aminol- 
2,4-imidazolidinediones 


Gastrocnemius Maximum Muscle Muscle 
Twitch Relaxation Straub Relaxant 


Tension, % Score Tail Rotarod Efficacy Therapeutic 
Compound inhibition" (at mg/kg PO) EDwCsi ED5odsi Indexe LDsofsi Indexg 


IIIa -87 (1.5) 4 (400) 
IIIb 
IIIC -45 (1.7) 2 (800) 90 (58-138) 18.3 (2-66) 0.2 226 (221-244) 


IIIe -69 (0.4) 4 (400) 
IIIf -86 (1.6) 2 (800) 367 (206-491) 27.5 (ia-42) 


-65 (1.8) 0 (200) 
IIIg 
IIIh 


314 (290-329) 1.1 
IIIi, -50 (3.3) 0 (800) 
1111 -74 (2.6) 3 (800) 291 (116-76972) 33.0 (29-38) 0.1 
IIIk -74 (1.3) 3 (800) 85 (55-128) 19.0 (13-29) 0.2 589 (<560->682) 6.9 


Dantrolene -80 (1.0) 4 (400) 37 (20-66) 62.0 (27-262) 1.7 1370 (888-1853)h 37 


18 (33-37) 33.6 (21-49) 2.0 >4000 >225 
0.5 460 (449-471) 11 


3 
3 


70 (34-159) 64.2 (34-99) 0.9 1055 (785-1391) 15 


48 (32-72) <5.0 


-70 (4.5) 3 (200) 38 (22-64) 19.7 (14-28) 


IIId -81 (2.2) 2 (800) 201 (104-362) 17.1 (12-24) 0.1 646 (525-763) 


0.4 155 (115-196) 0.4 
- - <0.1 
- - - - 


-74 (2.6) 3 (400) - 
- - - - - 


(indeterminate) 


sodium 
Clodanolene -78 (3.7) 4 (400) 22 (7-60) 22.0 (17-37) 1.7 742 (299-1204)h 38 


Percent inhibition of electrically induced contractions of the rat gastrocnemius muscle at a cumulative dose of 36.6 mg/kgiv. The figure in parentheses is the standard 
error of the mean. * Where 1 = slight, 2 = moderate, 3= marked, and 4= severe drug effect as measured by gross observatlon in mice and the dose (in parentheses) at 
which this occurred. c Intraperitoneal dose of drug causing inhibition of morphine-induced Straub tail in 50% of the mice. Intraperitoneal dose of drug causin loss 
of motor coordination (rotarod) in 50?6 of the mice. e EDw rotarodmDw Straub tail. f Intraperitoneal dose of drug causing death in 50% of the mice within 72 hr. 8 LD50$EDw 
Straub tail. See Ref. 8. The figures in parentheses are the 95% confidence limits. Muscle relaxant testing was not completed on compounds which were not effective 
orally (IIIh, IIU) or in which the Rotarod ED60 was helow the Straub Tail ED60 (IIIg). 


Dunham and Miya (9) was used to test the effect of drugs on motor 
coordination. Male mice3 (n = lO/group) were trained to walk the re- 
volving rod (20 rpm) for over 1 min. The test drugs were administered 
intraperitoneally in 0.5% methylcellulose at  logarithmically spaced doses 
to the previously trained mice, and performance trials were conducted 
30 min following drug administration. The inability of an animal to stay 
on the rotarod for more than 30 sec was considered a positive drug effect. 
The EDw values (rotarod) (the drug dose that caused 50% of the animals 
to fall off the rotarod within 30 sec) were calculated using the method of 
Litchfield and Wilcoxon (10). 


Straub Tail in Mice-The method used in these experiments was 
similar to that reported by Ellis and Carpenter (11). Male mice3 (n = 
lO/group) were used for Straub tail testing. The drugs were administered 
intraperitoneally in 0.5% methylcellulose 20 min after morphines (15 
mg/kg sc) injection. The drugs were judged effective if they caused the 
elevated Straub tail to lay flat on the table. The compounds were ad- 
ministered in logarithmically spaced doses, and EDw values (dose of the 


8 Mallinckrodt. 
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drug causing the elevated tail to lay flat in 50% of the animals) were ob- 
tained by the method of Litchfield and Wilcoxon (10). 


LDm in Mice-The test compounds were administered perorally in 
0.5% methylcellulose to groups of unfasted male mice3 (n = lO/group). 
The animals were held in cages for 72 hr, and the deaths were recorded. 
The LD50 values (drug dose causing death in 50% of the animals) were 
calculated using the method of Litchfield and Wilcoxon (10). 


RESULTS AND DISCUSSION 


The synthesized compounds (6) exhibited a better absorption and 
solubility profile than the parent compound, dantrolene. Eleven com- 
pounds were synthesized and evaluated for skeletal muscle relaxant ac- 
tivity (Table 11). In the pithed rat gastrocnemius muscle preparation, all 
compounds were effective intravenous skeletal muscle relaxants (>50% 
inhibition of the electrically induced twitch contraction) (Table 11). 


Compounds IIIa and I I I f  were also potent inhibitors of the gastroc- 
nemius twitch tension. These compounds were the most effective in that 
the maximal inhibition of the twitch response was 86-87% whereas 
dantrolene sodium and clodanolene sodium only yielded a maximal in- 
hibition of 80%. 


Grass observation in mice identified nine of the 11 compounds as orally 
effective muscle relaxants. Among these nine (muscle relaxant score of 
>1 at  doses up to 800 mg/kg), IIIa and IIIe were the most effective, pro- 
ducing muscle relaxant scores of 4. Compounds IIIb, I&, IIIj, and IIIk 
were slightly less effective, producing muscle relaxant scores of 3; IIIb 
produced a 3 level of muscle relaxation at 200 mg/kg. 


Lowering of the Straub tail previously was shown (11) to result from 
relaxation of the sacrococcygeal muscles a t  the base of the tail. Several 
different drugs can produce this muscle relaxation (11). However, the 
muscle relaxant properties of a drug are useful only when they can be 
separated in a dose-dependent manner from its neurotoxic properties 
(motor incoordination). Motor incoordination is an unacceptable con- 
sequence of skeletal muscle relaxant therapy and, therefore, is a limiting 
factor in determining muscle relaxant efficacy. In the Straub tail model, 
the muscle relaxant dose is identified as St ED50; the motor incoordina- 
tion dose is identified with the rotarod test (Rr EDSO). Comparing these 
two doses as a ratio, ED50 rotarod:EDso Straub tail, gives an indication 
of the separation between the two dose ranges (ie., the greater the ratio, 
the more separation between the two doses). 


Compound IIIa yielded a muscle relaxant efficacy index of 2.0, and all 


other compounds produced muscle relaxant efficacy indexes of <1.0. 
Additionally, when IIIa was evaluated for acute toxicity, no deaths were 
seen up to 4000 mg/kg, and the resultant therapeutic index was >225. 


The difference in muscle relaxant efficacy indexes between IIIa and 
other muscle relaxants of this type (dantrolene sodium and clodanolene 
sodium), including the compounds in Table 11, is small but consistent. 
Compound IIIa is a potent, direct-acting skeletal muscle contraction 
antagonist (inhibition of the directly induced gastrocnemius twitch 
tension). The muscle relaxant efficacy index and acute therapeutic index 
values reflect a high degree of efficacy and safety. 
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Abstract 0 The formation of the methyl ester of salicyluric acid was 
observed during the quantitation of salicyluric acid and other salicylate 
metabolites in urine by high-pressure liquid chromatography. This 
methyl ester formation caused artificially low values for salicyluric acid 
and high values for salicylic acid. 


Keyphrases Salicyluric acid-methylation during high-pressure liquid 
chromatography Methylation-salicyluric acid in urine, high-pressure 
liquid chromatography High-pressure liquid chromatography-sali- 
cyluric acid in urine, methylation 


Several high-pressure liquid chromatographic (HPLC) 
assays for salicylic acid and its metabolites, salicyluric acid 
and gentisic acid, in serum and urine were reported re- 


cently (1-8). Review of these methods indicates that cer- 
tain precautions must be taken to prevent sublimation 
losses of salicylic acid during evaporation (6) and decom- 
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Abstract 0 A series of five 6-alkyl- and 6-aryl-mesoionic l-methylim- 
idazo(2,1-b] (1,3]thiazine-5,7-diones was synthesized and found to produce 
l-methyl-3H-imidazole-2-thione (methimazole) upon alkaline hydrolysis 
or treatment with amine or thiol reagents. The alkaline hydrolysis fol- 
lowed a second-order rate expression, being dependent on both substrate 
and hydroxide-ion concentrations. The rate constants for the five de- 
rivatives fell within 6-15 X liter/mole min at  40'. These compounds 
were stable in aqueous acidic solutions and in human serum or rat liver 
homogenate under conditions producing rapid hydrolysis of the methi- 
mazole prodrug l-carbethoxy-3-methylimidazole-2-thione (carbima- 
zole). 


Keyphrases 0 Methimazole-potential new prodrugs, evaluation of 
mesoionic 6-substituted 1 -methylimidazo[2,1-b] [1,3]thiazine-5,7-diones 


Prodrugs-of methimazole, evaluation of mesoionic 6-substituted 
l-methylimidazo[2,1-b][l,3]thiazine-5,7-thiones 0 Thyroid inhibi- 
tors-methimazole evaluation of mesoionic 6-substituted l-methylim- 
idazo[2,1-b] [1,3]thiazine-5,7-diones 


Considerable interest has been directed toward the de- 
velopment of prodrugs to modify the pharmacodynamic 
properties of known therapeutic agents, and several labile 
functionalities have been employed to accomplish this goal 
(1,2). During previous investigations (3-8) involving the 
syntheses and chemistry of bicyclic mesoionic heterocycles 
related to the purinones, several examples were found in 
which the novel structures of these heterocycles rendered 
them susceptible to nucleophilic attack, often leading to 
ring-opened products (5,6). 


The present study examined the feasibility of exploiting 
the nucleophilic susceptibility of mesoionic 6-substituted 
1-methylimidazo[2,1-b][1,3]thiazine-5,7-diones1 (I) in the 
development of a methimazole prodrug (11) in which both 
lipophilicity and lability might be controlled by substitu- 
ents eliminated from the released drug. 


EXPERIMENTALz 


UV ~pectrophotometer~ was employed for the collection of kinetic data 
wherein sample temperature was maintained with a circulating con- 
stant-temperature bath4. 


Synthesis-Five derivatives of I (Table I) were synthesized using a 
procedure generally useful in the synthesis of various similar mesoionic 
heterocycles (5, 8). Appropriately substituted malonic acids, obtained 
commercially or by ethoxycarbonation (9) of arylacetic acid esters, were 
converted in good yield by the use of phosphorus oxychloride to the 
corresponding bis-2,4,6-trichlorophenyl esters (10). Heating of a mixture 


' Alternative nomenclature: 6-substituted anhydro-5-hydroxy-l-methyl-7- 
oxo-7H-imidazo[2,1 -b] [ 1,3] thiazinium hydroxides. 


2 Melting points were determined with a Fisher-Johns hot-stage apparatus and 
are uncorrected. Microanalyses were performed by Atlantic Microlab Inc., Atlanta, 
Ga. 'H-NMR spectra were recorded on a Varian T-60A spectrometer with tetra- 
methylsilane as an internal standard. IR specrtra were recorded with a Perkin-Elmer 
727B spectro hatometer and a Nicolet 7199 FT-IR interferometer. UV spectra were 
obtained wit! a Beckman model 25 spectrophotometer. 


Cilford model 2400. 
Tamson model TE-3. 


0 


CH, CH, 
I 11: R = H 


111: R = CO,C,H, 


of these esters and I 1  neat at 120-140' produced Ia-Ie in moderate 
yields5. 


Anhydro-5-hydroxy-l-methyl-7-oxo-6-pheny1-7~-imidazo[2,1- 
b][ 1,3]thiazinium Hydroxide (Id)-The following procedure illustrates 
the preparation of the compounds in Table I. A mortar-ground mixture 
of I 1  (3.0 g, 0.027 mole) and bis-2,4,6-trichlorophenyl phenylmalonate 
(14.4 g, 0.027 mole) was heated uia an oil bath at 120' for 25 min while 
a slow nitrogen stream was introduced to carry off subliming trichloro- 
phenol. The resulting melt was cooled and triturated with cold anhydrous 
ether (50 ml), filtered, and washed repeatedly with cold ether-acetone 
(21). The resulting pale-orange solid was recrystallized from acetone with 
carbon treatment to give Id as fine white needles (3.0 g, 44%, mp 287-289' 
dec. [lit. (1l)mp 271-273' dec.]; IR (KBr): 3170 (w), 3140 (w), 1599 (s), 
1581 (s), and 1572 (s) cm-'; NMR (dimethyl sulfoxide-d,j): 6 8.10 (d, lH, 
J = 2 Hz, 3-H), 7.81 (d, IH, J = 2 Hz, 2-H), 7.50-7.15 (m, 5H, phenyl), 
and 3.77 (s, 3H, CH3); UV (water): 234 (4.2 log c), and 299 (3.9) nm. 


Reaction of Id with Benzylamine-Benzylamine (170 mg, 1.6 
mmoles) was added to a suspension of 20 mg (0.77 mmole) of Id in ab- 
solute ethanol (15 ml). The reaction mixture was stirred for 48 hr at room 
temperature, during which time the starting material dissolved. Re- 
duction of the solution volume to -5 ml by evaporation at  reduced 
pressure and cooling gave 190 mg (72%) of N,N'-dibenzyl-2-phenylpro- 
pane-1,3-diamide as white crystals, mp 165-165.5'; IR (KBr): 3290 (m) 
and 1670 (s) cm-'; NMR (dimethyl sulfoxide-d6) 6 8.58 (t, 2H, J = 6 Hz, 
NH, exchangeable with deuterium oxide), 7.37 (5, 5H, phenyl), 7.25 (s, 
10H, phenyl), 4.58 (s, lH, methine), and 4.35 (d, 4H, J = 6 Hz, CH2). 


Anal.-Calc. for C23HzzNzO~: C, 77.07; H, 6.19; N, 7.82. Found: C, 
77.11; H, 6.22; N, 7.78. 


The ethanolic filtrate obtained upon collection of this product was 
evaporated under reduced pressure, and the resulting solid residue was 
extracted with 10 ml of warm chloroform. The extract was filtered, and 
petroleum ether (10 mi) was added to give a precipitate. The precipitate 
was collected and recrystallized from chloroform-petroleum ether, 
yielding 70 mg of I1 (80%). This material was identical with an authentic 
sample of I 1  as judged by TLC (silica gel, ethyl acetate, Rf 0.38), mixed 
melting point (144-146'), and IR spectra. 


Reaction of Id with Thiobenzyl Alcohol-A solution of thiobenzyl 
alcohol (140 mg, 1.2 mmoles) and Id (150 mg, 0.58 mmole) in 10 ml of 
absolute ethanol was refluxed for 1.25 hr. The oily residue, obtained upon 
evaporation of solvent under reduced pressure, was dissolved in ethyl 
acetate (2 ml) and placed on a silica gel column (30 9). Elution with ethyl 
acetate gave 52 mg of I 1  (79%), mp 144-146'. 
l-Methyl-2(3H)-imidazolone (1V)-The procedure employed was 


a modification of a reported method (12). Aminoacetaldehyde dimethyl 
acetal (3.65 g, 0.035 mole) was added dropwise over 10 min to a stirred 
solution of methyl isocyanate (1.85 g, 0.035 mole) in 15 ml of absolute 


While this work was in progress, an alternative synthesis of Id was reported (11) 
using I1 and (chlorocarbony1)phenylketene. 
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Table I-Mesoionic 6-Substituted 1-Methylimidazo[ 2,l- b][  1,3]thiazine-5,7-diones 


Melting Analysis, % 
Compound R Pointa Yield, % Formula Calc. Found 


Ia CH3 150-151' (A-E) 31 CsHsNzOzS C 48.97 48.54 
H 4.11 4.07 
N 14.28 13.96 


Ib 


Ic 


Id C6H5 


194-195' (EA) 


185-186' (M) 


29 


45 


S 16.34 
C 48.47 
H 5.09 
N 14.13 
S 16.17 
C 61.75 
H 4.44 


16.15 
48.40 
4.95 


14.19 
16.15 
61.81 
4.47 


N 10.29 10.28 
287-289" dec. (A) 44 Ci3HioNzOzS C 60.45 60.18 


H 3.90 3.93 
N 10.85 10.79 
S 12.41 12.34 


Ie 4CH30C6H4 294-296" dec. (A-M) 25 Ci4Hi2Nz03S C 58.32 58.37 
H 4.20 4.24 ~~ 


N 9.72 9.69 s 11.12 11.14 
Crystalhation solvents: A, acetone; E, diethyl ether; EA, ethyl acetate; and M, methanol. 


Table 11-Rate Constants for Alkaline Hydrolysis of Ia-Ie 
~~~ ~ ~ 


k f SD x 102, Relative 
Compound liters/mole min" Rate 


Ia 
Ib 
Ic 
Id 
Ie 


8.92 f 0.06 
6.25 f 0.27 
7.32 f 0.29 
14.7 f 0.12 
13.3 f 0.44 


1.00 
0.70 
0.82 
1.65 
1.49 


Second-order rate constants in aqueous sodium hydroxide (0.05-0.40 N )  at 40' 
and constant ionic strength (2.00 M). 


ethanol maintained a t  0-5'. Following the addition, the solution was 
stirred for 1 hr a t  room temperature and then refluxed for 4 hr. Concen- 
trated hydrochloric acid (0.03 ml) in water (10 ml) was added, and the 
solution was stirred overnight. Addition of 5 ml of 5% NaHC03 solution 
transformed the color from red to pale yellow. Filtration of the solution 
and evaporation under reduced pressure gave a viscous oil, which crys- 
tallized on standing. Recrystallization from chloroform-petroleum ether 
gave 1.97 g (57%) of IV as transparent plates, mp 140-142' [lit. (12) mp 
139-140.51. 


Product Identification for  Alkaline Hydrolysis of Ic-A suspen- 
sion of Ic (0.5 g, 1.8 mmoles) in 50 ml of 1 N NaOH was stirred for 48 hr, 
during which time all material dissolved. TLC analysis (silica gel, ethyl 
acetate) indicated the complete disappearance of starting material (R f  
0.12) and the appearance of two new spots (Rf  0.06 and 0.38) corre- 
sponding to those of an alkaline solution of benzylmalonic acid and 11. 
The UV absorption spectrum of the reaction solution was identical to that 
of a 1 N NaOH solution containing 1.8 mmoles each of benzylmalonic acid 
and 11. 


The extract obtained by continuous extraction of the reaction solution 
with ethyl a$:etate for 24 hr was dried (magnesium sulfate) and evaporated 
to give 11, as evidenced by mixed melting point and comparison of IR 
spectra. The reaction solution was acidified (pH 1) with concentrated 
hydrochloric acid and continuously extracted for 6 hr with ethyl acetate. 
The residue of the evaporated extract was identified as benzylmalonic 
acid by comparison of its IR spectrum with that of an authentic 
sample. 


Kinetics of Hydrolysis of la-Ie-Stock solutions were prepared by 
dissolving Ia-Ie (50 pmoles) in 1 ml of dimethyl sulfoxide. Sodium hy- 
droxide solutions were prepared (0.05,0.15,0.30, and 0.40 N )  by dilution 
of 2.00 N NaOH with 2.00 M KCl. To cells containing the alkaline solu- 
tions (2 ml), equilibrated a t  40.0 f 0.1', was added 10 pl of the stock so- 
lution. The loss of absorbance at 300 nm was monitered with the OD, 
value (optical density) observed to be 0 f 2%. Pseudo-first-order rate 
constants were obtained from the slopes of the plots of ln[(ODt - ODm)- 
/(OD0 - OIL)] uersus time. Each compound was examined in triplicate. 
Second-order rate constants (Table 11) were calculated from the linear 
regression of hobs with the hydroxide-ion concentration. 


Se rum Hydrolysis of la ,  Ib, and  Ill-Substrate Ia (20 mg), Ib (20 
mg), or I11 130 mg) was dissolved in 5 ml of pH 7.4 phosphate buffer so- 


lution (0.05 M) at  37'. The substrate solution (1 ml) was added to 3 ml 
of human serum6, and the resulting solution was shaken and incubated 
a t  37O. Aliquots (75 pl) were taken at  intervals and added to cells con- 
taining 3 ml of buffer solution. Absorbance of the resulting solution was 
recorded at  300 (Ia and Ib) or 290 (111) nm. A blank solution lacking 
substrate was similarly treated. 


Rat Liver Homogenate Treatment of Ia, Ib, and 111-A modifi- 
cation of a reported procedure (13) for the hydrolysis of acetanilide was 
employed. A 300-g male Sprague-Dawley rat was sacrificed, and the liver 
was removed, rinsed in cold 0.2 M buffer solution7 (pH 8.1), blotted, and 
weighed (11 g). The liver was minced and homogenized in 20 ml of cold 
buffer in a chilled tissue grindera maintained in an ice bath. 


Buffer solutions of Ia, Ib, or I11 (1 mg/ml) and homogenate were sep- 
arately equilibrated (37') immediately prior to use. Substrate solution 
(3 ml), buffer (1 ml), and homogenate (2 ml) were mixed and incubated 
a t  37' in a shaker bath. At intervals, a 0.5-ml aliquot was removed and 
added to 2 ml of ice-cold 10% trichloroacetic acid solution, which was then 
centrifuged (700 rpm, 3 min), and 1 ml of the supernate wasadded to a 
cell containing 3 ml of buffer. The absorbance of this solution was re- 
corded a t  300 (Ia and Ib) or 290 (111) nm. A blank solution employing 
buffer instead of substrate solution was similarly treated as well as a 
substrate solution of I11 in which buffer was substituted for homoge- 
nate. 


RESULTS 


The mesoionic imidazothiazinediones (Ia-Ie) were white crystalline 
solids stable in light and air and showed no spectroscopic evidence of 
decomposition in 1 N HC1 solution over 24 hr. In 1 N NaOH, Ic showed 
a gradual dissolution at  room temperature as an apparent function of 
limited aqueous solubility and hydrolysis to benzylmalonate and 11. No 
other products were detected by TLC or spectroscopic analyses. A po- 
tential alternative hydrolysis product, l-methyl-2(3H)-imidazolone (IV), 
possibly resulting from hydroxide-ion attack at  the bridgehead carbon 
position, was synthesized and found to be clearly distinguishable from 
I1 by the chromatographic and spectroscopic methods employed. Since 
the UV spectrum of the hydrolysis products showed no significant ab- 
sorbance beyond 280 nm, the rate of alkaline hydrolysis was readily 
monitored by observing the loss of absorbance of the longest wavelength 
maxima of la-Ie a t  300 nm. 


The alkaline hydrolysis followed second-order kinetics, dependent on  
both substrate and hydroxide-ion concentration. The observed rate 
constants (Table 11), showed only a twofold range of values for the five 
derivatives investigated. The second-order rate expression is consistent 
with either a rate-limiting attack by hydroxide ion or a rate-limiting 
decomposition of an adduct of I and hydroxide ion. No evidence was 
obtained concerning which pseudocarbonyl group is initially involved 
in the reaction. 


6 Grand Island Biological Co., Grand Island, N.Y. 


8 Potter-Elvehjem, with Teflon resin pestle. 
Trimethamine. 
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Compound I1 was produced in ethanolic solution from Ia or Id by re- 
action with two equivalents of benzylamine, with complete conversion 
within 48 hr a t  room temperature or 30 min at reflux. No other products 
except for the corresponding malondiamide were detected by chroma- 
tographic or spectral analyses. Compound I1 was also produced frorn Id 
by reaction for 75 min with thiobenzyl alcohol in refluxing ethanol. 


Alkyl derivatives Ia and Ib were sufficiently water soluble to allow 
examination of their stability at pH 7.4 in the presence of human serum. 
Under conditions wherein I11 underwent rapid hydrolysis (complete 
conversion within 2 hr), Ia and Ib showed no evidence of decomposition 
in the presence of human serum for 10 hr at 37O. Similarly, Ia and Ib 
showed no evidence of decomposition in the presence of rat liver ho- 
mogenate over 5 hr, while I11 was completely hydrolyzed within 5 min 
under the same conditions. 


DISCUSSION 


Compound 111, a derivative of 11, is already in clinical use. Several 
studies in humans (14-17) have shown I11 to be absorbed and rapidly 
converted to 11, an agent useful in the control of hyperthyroidism (18). 
Although I11 was designed as a potentially longer acting derivative of I1 
(191, its conversion to I1 in serum is so rapid that there appears to be little 
therapeutic advantage over the use of I1 (17). 


A number of bicyclic mesoionic pyrimidinedione derivatives have been 
reported to result from the condensation of bis-trichlorophenyl malonate 
esters and sec -amino azaheterocycles (5,6,  20-23). These compounds, 
which may be viewed as 8-aza analogs of I, undergo ring opening in re- 
action with benzylamine by nucleophilic attack at  the 5-position pseu- 
docarbonyl group (5). However, there is some indication that anionic 
nucleophiles, such as hydroxide ion, attack the bridgehead carbon posi- 
tion of these 8-aza analogs (5). An analogous reaction of I with hydroxide 
ion could lead to the formation of IV. Alternatively, hydroxide-ion attack 
at the 5-position of I would produce a thiol ester, which would be sus- 
ceptible to hydrolytic production of 11. The general utility of mesoionic 
derivatization for prodrug modification would depend on the controlla- 
bility of the hydrolytic and/or enzymic decomposition rates by use of 
various 6-position substituents. These substituents may also provide a 
means of influencing absorption and distribution by modifying the li- 
pophilicity of the agent. 


The conversion of I to I1 by alkaline hydrolysis and by amine and thiol 
reagents was demonstrated. However, the varioty of substituents inves- 
tigated showed only a limited influence on the rate of alkaline hydrolysis. 
The substituents employed exhibited a very limited range of electronic 
effects, being predominately electron-releasing groups. More strongly 
electron-withdrawing substituents would be expected to increase the 
electrophilicity of the pseudocarbonyl groups or to increase the concen- 
tration of the hydroxide-ion adduct, leading to an increased alkaline 
hydrolysis rate. Condensation of malonate esters containing p-nitro- 
phenyl or acyl substituents with I1 was unsuccessful, probably because 
of the increased ease of malonate-carbanion formation. However, by 
analogy to the chemistry exhibited by the mesoionic pyrimidinediones 
(5), electrophilic substitution reactions on I should be facile at the 6- 
position. 


In conclusion, although Ia-Ie produce I1 by alkaline hydrolysis or by 


reaction with amine or thiol reagents, their stability to human serum or 
rat liver homogenate indicate that their decomposition rate in uiuo is 
likely to be insufficient. Other derivatives of I with electron-withdrawing 
6-position substituents may overcome this deficiency. 
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drug causing the elevated tail to lay flat in 50% of the animals) were ob- 
tained by the method of Litchfield and Wilcoxon (10). 


LDm in Mice-The test compounds were administered perorally in 
0.5% methylcellulose to groups of unfasted male mice3 (n = lO/group). 
The animals were held in cages for 72 hr, and the deaths were recorded. 
The LD50 values (drug dose causing death in 50% of the animals) were 
calculated using the method of Litchfield and Wilcoxon (10). 


RESULTS AND DISCUSSION 


The synthesized compounds (6) exhibited a better absorption and 
solubility profile than the parent compound, dantrolene. Eleven com- 
pounds were synthesized and evaluated for skeletal muscle relaxant ac- 
tivity (Table 11). In the pithed rat gastrocnemius muscle preparation, all 
compounds were effective intravenous skeletal muscle relaxants (>50% 
inhibition of the electrically induced twitch contraction) (Table 11). 


Compounds IIIa and I I I f  were also potent inhibitors of the gastroc- 
nemius twitch tension. These compounds were the most effective in that 
the maximal inhibition of the twitch response was 86-87% whereas 
dantrolene sodium and clodanolene sodium only yielded a maximal in- 
hibition of 80%. 


Grass observation in mice identified nine of the 11 compounds as orally 
effective muscle relaxants. Among these nine (muscle relaxant score of 
>1 at  doses up to 800 mg/kg), IIIa and IIIe were the most effective, pro- 
ducing muscle relaxant scores of 4. Compounds IIIb, I&, IIIj, and IIIk 
were slightly less effective, producing muscle relaxant scores of 3; IIIb 
produced a 3 level of muscle relaxation at 200 mg/kg. 


Lowering of the Straub tail previously was shown (11) to result from 
relaxation of the sacrococcygeal muscles a t  the base of the tail. Several 
different drugs can produce this muscle relaxation (11). However, the 
muscle relaxant properties of a drug are useful only when they can be 
separated in a dose-dependent manner from its neurotoxic properties 
(motor incoordination). Motor incoordination is an unacceptable con- 
sequence of skeletal muscle relaxant therapy and, therefore, is a limiting 
factor in determining muscle relaxant efficacy. In the Straub tail model, 
the muscle relaxant dose is identified as St ED50; the motor incoordina- 
tion dose is identified with the rotarod test (Rr EDSO). Comparing these 
two doses as a ratio, ED50 rotarod:EDso Straub tail, gives an indication 
of the separation between the two dose ranges (ie., the greater the ratio, 
the more separation between the two doses). 


Compound IIIa yielded a muscle relaxant efficacy index of 2.0, and all 


other compounds produced muscle relaxant efficacy indexes of <1.0. 
Additionally, when IIIa was evaluated for acute toxicity, no deaths were 
seen up to 4000 mg/kg, and the resultant therapeutic index was >225. 


The difference in muscle relaxant efficacy indexes between IIIa and 
other muscle relaxants of this type (dantrolene sodium and clodanolene 
sodium), including the compounds in Table 11, is small but consistent. 
Compound IIIa is a potent, direct-acting skeletal muscle contraction 
antagonist (inhibition of the directly induced gastrocnemius twitch 
tension). The muscle relaxant efficacy index and acute therapeutic index 
values reflect a high degree of efficacy and safety. 
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Abstract 0 The formation of the methyl ester of salicyluric acid was 
observed during the quantitation of salicyluric acid and other salicylate 
metabolites in urine by high-pressure liquid chromatography. This 
methyl ester formation caused artificially low values for salicyluric acid 
and high values for salicylic acid. 


Keyphrases Salicyluric acid-methylation during high-pressure liquid 
chromatography Methylation-salicyluric acid in urine, high-pressure 
liquid chromatography High-pressure liquid chromatography-sali- 
cyluric acid in urine, methylation 


Several high-pressure liquid chromatographic (HPLC) 
assays for salicylic acid and its metabolites, salicyluric acid 
and gentisic acid, in serum and urine were reported re- 


cently (1-8). Review of these methods indicates that cer- 
tain precautions must be taken to prevent sublimation 
losses of salicylic acid during evaporation (6) and decom- 
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position of salicyluric acid to salicylic acid by micro- 
organisms (3,4).  There are no reports of the methylation 
of salicyluric acid during its quantitation in biological 
fluids. 


In measuring salicylic acid and its metabolites in urine 
by HPLC, it was observed that salicyluric acid was meth- 
ylated as a consequence of sample preparation. Because 
similar alteration of the salicyluric acid may occur in other 
laboratories during quantitation, the methylated product 
was identified by GLC-mass spectrometry. The conditions 
under which this product is formed and methods to pre- 
vent its formation are described. 


EXPERIMENTAL 


ReagentsMethanol', ether2, o-methoxybenzoic acid3 (0-anisic acid), 
sodium salicylate3, salicyluric acid3 (0-hydroxyhippuric acid), and gentisic 
acid3 were used. 


Stock standard solutions of sodium salicylate (5 mg/ml), salicyluric 
acid (10 mg/ml), and gentisic acid (2 mg/ml) were prepared by dissolving 
the compounds in small volumes of ethanol and bringing to volume with 
pH 7 phosphate buffer (0.1 M). The stock solutions were kept frozen at  
0" until required. Working standards of sodium salicylate (500,250, and 
50 pg/ml), salicyluric acid (1000,500, and 100 pg/ml), and gentisic acid 
(200,100, and 20 pg/ml) were made in fresh, blank urine. 


Procedures-Urine (1 ml), to which 1 ml of a standard solution of 
o-methoxybenzoic acid (100 pg/ml) in pH 7 phosphate buffer (0.1 M) had 
been added, was acidified with 0.6 M HCl(1 ml) and extracted into 5 ml 
of ether by shaking for 5 min. Following centrifugation, the aqueous layer 
was frozen in acetone-dry ice, and the ether layer was collected. The ether 
was evaporated to dryness at 10" with air or nitrogen. The residue was 
resuspended in 0.75 ml of anhydrous methanol or a mixture of 85% water 
containing 1.6% acetic acid and 15% methanol. Samples were placed in 
1-ml capped vials4 and injected into the HPLC system uia an automatic 
sample9 fitted with a 2 0 4  injection loop. The flush time was 30 sec, and 
the run time was 20 min. A 15-cm X 4.6-mm i.d. reversed-phase column6 
and a 5-cm X 2.1-mm i.d. precolumn7 were used to separate salicylic acid 
and its metabolites. The mobile phase of 85% water (containing 1.6% 
acetic acid) and 15% methanol was pumped8 at 2.5 ml/min. Peaks were 
detected by a UV detector9 (310 nm) coupled to a recorderlo and peak 
integrator". 


To determine the conditions under which salicyluric acid was altered, 
salicyluric acid dissolved in water was taken through the described sample 
preparation but with the following changes: ( a )  the evaporated ether 
extract was dissolved in methanol for up to 3 weeks before injection onto 
the column; ( b )  the ether extract was blown to dryness with air or nitro- 
gen; and ( c )  the residue following ether evaporation was resuspended 
either in methanol or 85% water (containing 1.6% acetic acid) and 15% 
methanol. 


Aliquots of water and urine samples were extracted with ether in the 
presence and absence of hydrochloric acid, and the ether extracts were 
added to test tubes containing salicyluric acid prior to drying with ni- 
trogen or air. The resulting residues then were redissolved in methanol 
and allowed to stand for up to 2 weeks before analysis. 


The structure of the altered salicyluric acid was identified by GLC and 
mass spectrometry following repeated collection and lyophilization of 
the unknown chromatographic peak. The trimethylsilyl derivative of this 
sample was prepared by dissolving the residue in an excess (0.5 ml) 
of pyridine-N,0-bis(trimethylsilyl)trifluoroacetamide-trimethyl- 
chlorosilane (10101). The mixture then was warmed for 5 min a t  90". 
An aliquot of the trimethylsilyl derivative was injected onto a GLC col- 
umn (2 m X 2 mm i.d.), packed with 4% OV-17 on Gas Chrom Q12 


1 Burdick & Jackson Laboratories, Muskegon, Mich. 
2 Nanograde, Mallinckrodt, St. Louis, Mo. 


Aldrich Chemical Co., Milwaukee, Wis. 
Wheaton Scientific, Millville, N.J. 


5 Model 500, Altex Scientific, Berkeley, Calif. 
6 Ultrasphere-ODs, Altex Scientific, Berkeley, Calif. 
1 Perisorb RP-18,3040 pm, Merck, Darmstadt, West Germany. 
8 Model l lOA, Altex Scientific, Berkeley, Calif. 
9 Model 100-10 spectrophotometer, Hitachi Scientific Instruments, Mountain 


lo Model 250-2, two channel, Curken Scientific, Danbury, Conn. 
l1 Model 485, Varian Instrument Division, Palo Alto, Calif. 
12 Supelco Inc.. Bellefonte, Pa. 


View, Calif. 
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Figure 1-Chromatograms of salicylic acid and its metabolites in urine 
under different experimental conditions: urine extract in methanol (a) 
immediately after the addition of methanol, (b) after allowing the 
methanolic extract to stand at room temperature for 8 hr, and (c) after 
the euaporation of ether with air. Key: I ,  gentisic acid; 2, glucuronide 
of salicylic acid; 3, salicyluric acid; 4,o-methoxybenzoic acid; 5 ,  salicylic 
acid; and 6, methyl salicyturate. The arrows indicate the points of in- 
jection. 


(100-120 mesh), programmed from 80 to 300" at  10.O0/min. The altered 
product of salicyluric acid then was identified by mass spe~trometry'~. 


Preparation of the methyl esters of salicyluric acid, gentisic acid, O- 


methoxybenzoic acid, and salicylic acid was attempted by bubbling hy- 
drogen chloride through methanolic solutions of these chemicals for 5 
min. The acidified methanolic solutions then were taken to dryness, and 
the residues were redissolved in 1.0 ml of methanol and subjected to 
HPLC using the described conditions. The methyl ester of salicylic acid 
was not formed under these conditions; complete esterification of O- 
methoxybenzoic acid and salicyluric acid was achieved, but gentisic acid 
esterification was only partially complete. 


RESULTS AND DISCUSSION 


Quantitation of salicylic acid and its metabolites in urine gave accurate 
and reproducible results. Nitrogen was used to remove the ether a t  loo, 
and the methanolic residue was immediately injected into the chroma- 
tograph. The sensitivity of the method was 5 pg/ml for salicylic acid, 5 
pg/ml for salicyluric acid, and 2 pg/ml for gentisic acid. The coefficients 
of variation for repeated measurements of salicylic acid at 50 pg/ml, for 
salicyluric acid at  100 pg/ml, and for gentisic acid at  20 pg/ml were 2.6, 
0.7, and 1.5%, respectively. These figures are similar to those previously 
reported (1,4). 


A typical HPLC tracing is shown in Fig. la. The retention times for 
gentisic acid, salicyluric acid, o-methoxybenzoic acid, and salicylic acid 
were 4,8.4, 13, and 17.5 min, respectively. 


The small peak that eluted between the gentisic acid and salicyluric 
acid peaks was probably one of the salicyl glucuronides since it disap- 
peared following incubation of the urine with P-glucuronidase. 


Occasionally, a peak that interfered with the salicylic acid peak was 
observed (Figs. l b  and lc). This effect became apparent when extracted 
urine samples were prepared for HPLC (by the addition of methanol) 
well in advance of their actual injection onto the column uia the automatic 
sample injector accessory. Interference also was observed if the ethereal 
extracts of urine were evaporated to dryness with air. The appearance 
and extent of this interference were variable. Sequential HPLC analysis 
of the salicylic acid, salicyluric acid, and gentisic acid standards in urine 
or water indicated that this peak was due to changes in the salicyluric acid 
standard. 


When the salicyluric acid standard was extracted into ether from urine 
or water, interference occurred under the following experimental con- 
ditions: ( a )  if air or nitrogen was used to evaporate the ether; ( b )  if 
methanol was used to resuspend the residue from the ether evaporation; 
( c )  if the residue from the ether evaporation stood in methanol for more 


l3 Model 3300 with 6000 data system, Finnigan Corp., Sunnyvale, Calif. 
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Figure %-Chromatograms of the salicyluric acid standard (1 mglml) 
under different experimental conditions: ether extract of salicyluric 
acid standard after standing in (a) 85% water containing 1.6% acetic 
acid-15% methanol for 10 days, (b) methanol for 6 hr, and (c) methanol 
for 21 days. The salicyluric acid concentration decreased 47%.  Key: 1 ,  
salicyluric acid; 2, o-methoxybenzoic acid; and 3, methyl salicylurate. 
The arrows indicate the points of injection. 


than 2 hr; or ( d )  if hydrochloric acid was used to acidify the ester ex- 
tract. 


The time course and extent of changes in the standards were quite 
variable (Fig. 2a),  but salicyluric acid levels decreased -20% after the 
samples had stood in methanol for 6 hr (Fig. 2b). The maximum observed 
decrease in salicyluric acid levels was 47% after the salicyluric acid ether 
extract (1000 pg/ml) had stood in methanol for 21 days (Fig. 2c). How- 
ever, there was no alteration of the salicyluric acid standard dissolved 
in methanol for up to 3 weeks. 


The interfering peak was collected after repeated injection and 
subjected to GLC-mass spectrometry for identification. Examination 
of the electron-impact mass spectra revealed that this peak was the 
methyl ester of salicyluric acid. 


Like many esterification reactions, the conversion of salicyluric acid 
to methyl salicylurate is catalyzed by small amounts of acid. In addition, 
dehydration of the residue upon ether evaporation also may promote the 
methyl salicylurate formation. Dehydration by ether secondary to the 
formation of an azeotrope with water is well known. These effects favor 
ester formation between the carboxyl group of glycine and methanol 
under anhydrous conditions (Scheme I). In the ether extract, methanol 
is in large excess and the equilibrium is driven to the right (i.e.,  methyl 
salicylurate is formed). 


The formation of the ester can be prevented by adding water (which 
shifts the equilibrium to the left) or by adding another carbonyl group 
(e.g., acetic acid), which competes with salicyluric acid for ester formation. 
Use of nitrogen gas and a limited time of exposure of salicyluric acid to 
methanol also help to control the ester formation with salicyluric acid. 


Alternatively, salicyluric acid esterification can be circumvented if 
diluted urine (after centrifugation and filtration) is injected directly onto 
the column. However, with the HPLC column and solvent system em- 
ployed, resolution of the gentisic acid peak from other endogenous sub- 
stances in urine was not satisfactory without extraction. 


Although some previous reports discussed precautions to prevent sub- 
limation fosses of salicylic acid and decomposition of salicyluric acid to 
salicylic acid by microorganisms ( 3 , 6 ) ,  there are no reports on the for- 
mation of methyl ester of salicyluric acid. 


*2COOH + HO-CH, * 
I 


CONHCHZCOOCHA .f HZO 4g I1 
Scheme I-Mechanism of the formation of methyl salicylurate (II) from 


salicyluric acid (I). 


One method ( 1 )  employed ether for urine extraction, but the ethereal 
residue was dissolved in methanol-water-acetic acid (50:601),  which 
inhibits formation of methyl salicylurate. 


Esterification of gentisic acid, salicyluric acid, and o-methoxybenzoic 
acid occurred when hydrogen chloride gas was bubbled through metha- 
nolic solutions of these compounds. The retention times of these esters 
were 17.3,17.4, and 41.4 min, respectively. The methyl ester of salicylic 
acid was not formed under these conditions. 


However, the absence of interference peaks other than the peak cor- 
responding to methyl salicylurate and the lack of change of the gentisic 
acid and salicylic acid standards during the ethereal extraction of stan- 
dards in urine or water indicate that esterification of gentisic acid and 
o-methoxybenzoic acid did not occur. 


It is obvious from the chromatograms in which the formation of methyl 
salicylurate was not inhibited (Figs. l b  and l c )  that an underestimation 
of salicyluric acid and an overestimation of salicylic acid are possible since 
large amounts of methyl salicylurate can appear as a single peak of sali- 
cylic acid. 
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Abstract 0 A novel noninvasive technique was developed to measure 
dissolution of the water-soluble component of a solid dosage form using 
indium 111 and perturbed angular correlation. The method involves 
time-delayed coincidence counting of two cascading y-rays that exhibit 
angular correlation. This angular correlation can be perturbed if the in- 
termediate excited state of the nucleus is reoriented due to an interaction 
with its environment. When such an interaction occurs, as in a phase 
change (solid to liquid), the perturbation changes can be shown by an- 
isotropy. A highly perturbed condition in the solid state results in low 
values (0.02--0.04), while increasing values of anisotropy indicate disso- 
lution. Anisotropy values reach 0.14-0.15 when the total unperturbed 
physical state (liquid) exists. The worth of this technique was demon- 
strated by both in vitro and in vivo determinations of dissolution 
rates. 


Keyphraseri Perturbed angular correlation-noninvasive dissolution 
measurement in viuo and in uitro 0 Dissolution-noninvasive mea- 
surement in uivo and in uitro using perturbed angular correlation, solid 
dosage forms Noninvasive dissolution measurement-of solid dosage 
forms using perturbed angular correlation, in viuo and in vitro 


Radionuclides with simple decay schemes have been 
widely utilized as labels for following drug absorption, 
metabolism, and excretion. External scintigraphy was used 
to follow labeled solid dosage forms while their behavior 
in the human stomach was monitored (1). Some radionu- 
clides, following radioactive decay, emit two or more y-rays 
in cascade; those y-rays emitted following an initial one 
are releas,ed immediately or are delayed for some very 
predictable time unique to that nucleus. 


BACKGROUND 


Indium 111 is a radionuclide with a delay during its y-cascade (Scheme 
I). Occasionally, for some radionuclides the y-rays may exhibit an angular 
correlation :iince the directional emission of a y-ray depends on the or- 
ientation of the magnetic moment of the nucleus involved. For indium 
111, this angular correlation can be perturbed if the intermediate excited 
state of the nucleus is reoriented due to an interaction with its environ- 
ment. The major perturbing influence on the emission angular correlation 
is the interaction of external gradients of the quadrupole moment of the 
nucleus (2). The theory of perturbed angular correlation was thoroughly 
reviewed by Steffen and Frauenfelder (3,4). 


Some recent investigations used indium 111 and perturbed angular 
correlation measurements to monitor the structural and rotational be- 
havior of biological macromolecules (5-7). It also was reported that in- 
hibition of nuclear rotational properties of indium 111 by chemical 
binding, temperature reduction, and increased viscosity can be observed 
(8, 9). 


The purposes of this work were to measure the conversion of one dis- 
tinct state af nuclei to another, illustrating a phase change from solid 
indium chloi-ide to liquid indium chloride, and to illustrate a noninvasive 
technique for measuring a phase change from solid to liquid in a solid 
dosage form using indium chloride (indium 111) and perturbed angular 
correlation. 


EXPERIMENTAL 


Dosage Form Preparation-Three different formulations of solid 
dosage forms were prepared with commercially available excipients: 
Formulation 1, lactose (89%), microcrystalline cellulose (lo%), and 
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Scheme I-Indium 111 decay scheme illustrating the y-ray cascade with 
the delayed intermediate nuclear state following the first gamma 
emission. 


magnesium stearate (l%), (by weight); Formulation 2, dibasic calcium 
phosphate (89%), microcrystalline cellulose (lo%), and magnesium 
stearate (1%); and Formulation 3, only sucrose. Each formulation was 
prepared in bulk for convenient storage. Several grams of each mixture 
was placed in separate round-bottom flasks, and 95% ethanol was added 
to allow a satisfactory suspension. 


Indium 111 in the chloride' form was pipetted into each flask to an 
activity concentration of 20 pCi/200 mg of formulation powder. Indium 
111 has a half-life of 2.8 days, and it decays by electron capture and 
y-emission with energies of 173 and 247 kev (Scheme I). The ethanol was 
evaporated in a flask evaporator until dryness was achieved. The powder 
was removed by scraping, pulverized using a mortar and pestle, and then 
compressed into 200-mg tablets. 


A representative number of tablets were counted for indium 111 ac- 
tivity using a y-ray scintillation detector for homogeneity testing. Several 
tablets of each formulation were used for a disintegration time deter- 
mination2, and some were used to test for hardness3. 


Instrumentation-Three sodium iodide y-ray detectors were posi- 
tioned in a flat plane on three sides of a beaker in which the dosage form 
was tested (Fig. 1). The 12.7 X 7.62-cm detectors were positioned 20 cm 
from the geometric center of the beaker containing the tablet. For elec- 
tronic clarity, the detectors were labeled 1,2, and 3 such that Detector 
2 was positioned 90' to Detector 1 and Detector 3 was positioned 180' 
to  Detector 1 (Fig. 1). 


The y-ray spectrometry equipment4 consisted of a single high voltage 
power supply for the three detectors, three preamplifiers, three linear 
amplifiers, and three pulse height analyzers designated 1,2, and 3 (Fig. 
1). There were two time-to-pulse height converters (TPC) for coincidence 
counting (designated A and B), two additional pulse height analyzers for 
selecting differential or integrated coincidence delay times, and two count 
scalers for recording the coincidence counts from Converters A and B 
(Fig. 1). 


Pulse height Analyzer 1 was energy calibrated for counting the 173-kev 
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Figure 1-Apparatus assembly illustrating the positioning of the ra- 
diation detectors in a flat plane around the tablet for an in vitro disso- 
lution experiment using perturbed angular correlation. The schematic 
of electronic equipment required for coincidence counting between 
Detectors I and 2 (90') and I and 3 (180') is illustrated. A cottongauze 
sheet containing the solid dosage form was suspended 6 cm from the 
bottom and in the center of a glass beaker containing the dissolution 
medium (see Experimental). Three pulse height analyzers (PHA) were 
utilized. 


y-ray while Analyzers 2 and 3 were calibrated for the 247-kev emission. 
Converters A and B were calibrated to accept coincidence delay times 
between 70 and 100 nsec. 


Procedure-The apparatus used for the experimental determination 
of dissolution consisted of a 10 X 10-cm single-layer cotton gauze sheet 
with a mesh size sufficiently small to prevent the tablet and larger par- 
ticles from falling through. The gauze containing the solid dosage form 
was suspended 6 cm from the bottom and in the center of a 1000-ml glass 
beaker containing 700 ml of hydrochloric acid-water (Fig. 1). A hemostat 
clamped to the gauze and a ring stand held the dosage form in place. The 
aqueous dissolution medium was stirred with a magnetic stirring bar a t  
-100 rpm and remained at  25-26'. 


Immediately after the tablet was immersed and positioned, serial 
coincident counting on the scalers was begun, which continued until the 
completion of the experiment. Throughout the experiment, 0.5-ml 
samples were removed using a 1-ml tuberculine syringe fitted with a 
0.22-pm filter to prevent particles from being collected. These samples, 
removed at appropriate time intervals, were transferred to sample vials 
and counted in a well y-counter. 


RESULTS AND DISCUSSION 


Assessment of dosage form homogeneity was performed when tablets 
within a batch of each preparation were counted. Results indicate the 
tablets were prepared with a homogeneous distribution of indium 111 
since they varied by only 2%. 


The two y-rays emitted during the indium 111 to cadmium 111 decay 
are illustrated in Scheme I. The 247 kev y-ray is delayed by 85 nsec. The 
probability that it will be emitted at some time t and at  some angle 8 to 
the direction of the 173-kev y-ray is given by: 


3 cos 28 - 1 w ( O , t ) = - e - L [ 1 + A 2 (  1 )] (Eq.1) 
T T  


where 7 is the mean life of the intermediate nuclear state (1.21 X 
sec), t is the interval of time between the two y-rays, and A2 is a coeffi- 
cient -0.18. This numerical value of A2 may vary with the solid angle 
subtended by the y-ray detectors used. If T is long enough and the mag- 
nitude of the electric field gradients at the nucleus from the environment 
are great enough, then the angular correlation of the two cascading y-rays 
can be perturbed. When a perturbation factor &(t)  is inserted into the 
second term of Eq. 1, its approximate behavior can be shown by anisot- 
ropy to be: 


n 


A = - 2 A&&) 
2 


(Eq. 2a) 


and: 
A = l -  w (180°, t )  


w (900, t ) (Eq. 26)  


where w(18Oo, t )  and w(90°, t )  are coincident count rates in each of the 
two selected angles, 180 and 90". 


The coincidence counts from either the 180 or 90' detector are those 
counts of the 247-kev y-ray that are detected within 70-100 nsec following 
the Detector 1 observation of the 173-kev y-ray. The 173-kev y-ray ini- 
tiates a constant-rise time pulse in each A and B time-to-pulse height 
converter. When the 180 and 90' detectors count a 247-kev y-ray, the 
rising pulse is stopped in Converter A or B, and its magnitude is analyzed 
with a differential window corresponding to 70-100-nsec delays. These 
coincidence counts were recorded on each of two scalers. 


Since the perturbation factor G&) behavior can be shown by anisot- 
ropy ( A ) ,  the coincidence counts o (180°, t )  from the 180' detector and 
those counts [o (90°, t ) ]  from the 90' detector were substituted into the 
relation A = 1 - w (180°, t)/o (go', t )  for computation. For anisotropy 
(A) calibration, a maximum perturbed dry solid dosage form was counted. 
Then a sample of liquid [lllIn]chloride was counted. The calculation of 
anisotropy (A) reaulted in values of 0.02-0.04 for the perturbed state (dry) 
and of 0.14-0.15 for the unperturbed state (liquid), a mean increase of 


To illustrate the changing of anisotropy values during a dissolution 
experiment, a sucrose tablet was prepared with [lllIn]chloride as previ- 
ously described. After it was placed in the apparatus, coincidence data 
weie collected and calculated. The results from a typical experiment are 
shown in Fig. 2. The experiment ran for 26 min, with nine data points 
collected for the calculation of anisotropy. Initially, the anisotropy value 
was 0.02, representing the dry perturbed state; then, after -24 min, the 
values of 0.14 for anisotropy were calculated, illustrating the unperturbed 
liquid state. Those intermediate anisotropy values represent varying 
numbers of indium 111 atoms in transition from the dry to the liquid 
state. By simply observing the graph in Fig. 2, the percent dissolution of 
the radionuclide from the solid form for any desired time can be found. 
After -13 min, 5070 of the indium 111 was in solution, which was verified 
by liquid sample removal and counting the indium 111 in a well scintil- 
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Figure 2-Anisotropy versus time for a [1"ln]chloride-labeled sucrose 
tablet measured in vitro using perturbed angular correlation, illus- 
trating the progressive change of anisotropy corresponding to that 
quantity of the [lllIn]chloride dissolved. 
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Table I-Summary of Per turbed Angular Correlation Dissolution Times a and  Concomitant Sampling, Verification In Vitro along with 
Physical Parameters of Each Dosage Form Tested 


Perturbed Angular 
Correlation Method Sampling Method Revolutions 


Tablet Time”, minb Time”, minb per Minute Hardness USP Disintegration Time, min 


Sucrosec 
Lactosed 
Dicale (Rum 1) 
Dicale (Rum 2) 


10.8 f 3.3 
5.8 f 2.4 
76 f 9.0 
60 f 7.0 


11.3 f 3.4 
6.6 f 2.6 
80 f 8.9 
58 f 7.6 


100 
100 
100 
400 


NA 
9 


11 
11 


NA 
6 


13 
13 


Time to tichieve 50% dissolution. * Average of three determinations. Sucrose (100%) and [lllIn]chloride. 
stearate (l%), and [”‘In]chloride. Dicalcium phosphate (89%), microcrystalline cellulose (lo%), magnesium stearate (l%), and [lllln]chloride. 


Lactose (89%), microcrystalline cellulose (lo%), magnesium 


lation counter. All other experiments had samples removed for corrob- 
orative measurements. 


Results for this and similar experiments indicate a time delay prior 
to the onset of tablet dissolution. The delay in the sucrose formulation 
was -6 miri (Fig. 2). Presumably, this qbserved delay was due to con- 
tinued nuclear perturbation in the viscous stagnate layer from the highly 
structured aqueous conditions existing therein. As the [lllIn]chloride 
escaped into the unstructured water of the media, the exhibition of free 
nuclear motion was evident in the notable change of the anisotropy 
values. 


Two additional formulations were prepared, one (called “dical tablet”) 
containing dibasic calcium phosphate (89%), microcrystalline cellulose 
(lo%), and magnesium stearate (l%), and the other (called “lactose 
tablet”) containing lactose (89%), microcrystalline cellulose (lo%), and 
magnesium stearate (1%). Each formulation contained [lllIn]chloride. 
Hardness and USP disintegration tests were conducted on these for- 
mulations. Perturbed angular correlation and sampling measurements 
were performed from the beginning of the dissolution experiment through 
completion (Table I). Table I shows that in all experiments there was good 
agreement between perturbed angular correlation measurements and 
the indium 111 sampling method for the determination of percent dis- 
solution in uitro as a function of time. 


Included in Table I are the results of perturbed angular correlation and 
sampling mfeasurements for the dical tablet a t  two different stirring rates. 
Run 1 was stirred at  100 rpm, and Run 2 was stirred vigorously a t  -400 
rpm. When the stirring rate increased, the dissolution rate increased, 
indicated by both perturbed angular correlation and sampling mea- 
surements (Table I). The reduction in time was from 76 to 60 min using 
the perturbed angular correlation technique and from 80 to 58 min using 
the sampling method. 


After the in uitro dissolution measurements using perturbed angular 
correlation were shown to be successful, an in uiuo measurement on the 
lactose formulation was attempted on one subject to illustrate its i n  uiuo 
applicability. Three detectors were positioned to view the anterior, 
posterior, arid left lateral sides of the volunteer. I t  was estimated that they 
were equidistant from the stomach where the tablet would be located. 


The calculated anisotropy values were not expected to be the same as 
those in the in uitro experiments, but their changing values would nev- 
ertheless reflect the physical state of the solid dosage form. The in uiuo 
dissolution data are illustrated in Fig. 3. The anisotropy behavior is quite 
similar to that in the in uitro experiments, differing only in actual an- 
isotropy values, including the delays of onset of dissolution. 
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Figure 3-.Dissolution versus t ime for a lactose tablet measured in a 
human subject indium 111 and perturbed angular correlation. Graph 
shows an  d-min delay for onset of dissolution of the  radionuclide, which 
was complete by 28 min. 


Figure 3 shows that 50% dissolution of [11’In]chloride from a lactose 
tablet was achieved in the stomach of the human subject in -17 min, 
while the in uitro data on the identical dosage form (Table I) showed a 
dissolution in 5.8 rnin (perturbed angular correlation) and 6.6 min 
(sampling method). WitH a hardness value of 9, the USP disintegration 
test demonstrated a 6-min disintegration time for the lactose formulation. 
When the same volunteer with an identical lactose tablet was studied by 
a previously developed external scintigraphy technique (l), the tablet 
exhibited a disintegration time of 21 min. These results indicate that 
there is no good correlation between in uitro and in uiuo measurements 
for the lactose formulation since they differ so widely in the times of 
disintegration and dissolution. 


The dibasic calcium phosphate formulation was also tested with the 
same human volunteer. Table I shows that the dical formulation with a 
hardness of 11 disintegrated2 in 13 min and that the times for 50% dis- 
solution measured using perturbed angular correlation and sampling were 
76 and 80 min, respectively. When the in uiuo measurement using per- 
turbed angular correlation was performed on this dibasic calcium phos- 
phate formulation, there was evidence that -40% dissolution had oc- 
curred over 30 min. No further dissolution was observed as illustrated 
by unchanging anisotropy values. 


An identical dosage form was then examined in uiuo by external scin- 
tigraphy (1) to gain insight into the dissolution of this dosage form by 
monitoring its disintegration behavior. The i n  uiuo disintegration results 
showed the dosage form remained motionless in the lower stomach near 
the duodenal bulb for -11 min and then began to disintegrate partially 
until 25 min. During this time, the loss of radioactivity from the original 
tablet was -31%. The remaining core of the tablet was then expelled 
through the pyloric valve and proceeded to move through the small bowel, 
changing locations repeatedly. This main core of the tablet remained 
intact throughout the additional period of observation of 52 min. 


The data obtained with the perturbed angular correlation method show 
that this technique, when coupled with external scintigraphy ( l ) ,  may 
permit the in uitro and in uiuo study of the disintegration behavior of a 
solid dosage form. This technique follows the dissolution pattern of the 
radionuclide and does not provide information on the dissolution of any 
particular component of the solid dosage form. The technique might 
prove useful in comparative studies in which various solid dosage for- 
mulations could be compared for their disintegration properties. 


One further experiment was performed to assess the effects of the 
physical geometry of the source when acquiring perturbed angular cor- 
relation data. A drop of liquid [lllIn]chloride was placed as a source in 
the bottom of a 150-ml glass beaker, yielding an anisotropy value of 0.13. 
When the bottom of the beaker was covered with a dilute solution of 
hydrochloric acid, the resulting anisotropy was 0.15. When the beaker 
was filled 25%, the anisotropy value was 0.17; when it was 50% filled, the 
anisotropy value was 0.15; and when it was 75% filled, the anisotropy value 
was 0.15. These results indicate no significant problem in detecting an 
unperturbed liquid state of indium 111 with varying geometric configu- 
rations. 


CONCLUSION 


In the present study, a chemical phase change was observed in solid 
dosage forms using indium 111 and a perturbed angular correlation 
measurement. When this novel technique is performed in conjunction 
with a previously described external scintigraphy method (l), the study 
of the in uiuo dissolution and disintegration behavior of a solid dosage 
form can be accomplished in a qualitative and quantitative manner. The 
technique monitors the extent of dissolution of the dosage form as a 
function of solubilization of the radionuclide from the solid dosage form. 
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The method does not measure dissolution of a pharmacologically active 
ingredient or any other ingredient in the solid dosage form. 


With minor detector modifications, this method should contribute 
significantly in the evaluation of viscosity gradients and sedimentation 
rates in heterogeneous dosage forms. 
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Stearate during Mixing I: Effect on 
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Abstract 0 The effect of magnesium stearate on the disintegration of 
tablets was studied. Three different preblends, containing a slightly or 
a strongly swelling disintegrant, were mixed before compression with 
magnesium stearate for different time periods. The results show that a 
strongly swelling disintegrant, such as sodium starch glycolate in contrast 
to potato starch, can reduce the deteriorating effect of hydrophobic lu- 
bricants on tablet disintegration. However, the interaction between 
magnesium stearate and potato starch or sodium starch glycolate and 
the resulting differences in disintegration characteristics can be masked 
by the use of disks in the USP disintegration apparatus. 


Keyphrases Tablets-disintegration, effect of magnesium stearate 
during mixing Magnesium stearate-effect on tablet disintegration 
during mixing 0 Disintegration-tablets, effect of magnesium stearate 
during mixing 


Previous work (1,2) showed that magnesium stearate 
can have a strong negative effect on binding properties of 
tablet excipients. The phenomenon of decreasing crushing 
strength with increasing mixing time is caused by the 
formation of a lubricant film interfering with particle 
binding. The lubricant film is a result of adhesion to the 
substrate of magnesium stearate molecules, which are 
sheared off mechanically from the magnesium crystals 
during mixing (1-4). The formation of such a hydrophobic 
film can dramatically decrease the wettability of a powder 
mix, as was shown for sodium chloride-magnesium stea- 
rate blends (4). Thus, the deteriorating effect of hydro- 
phobic lubricants on tablet disintegration is not only de- 
pendent on the nature and concentration of the lubricant 
used (5-11) but also on the mixing intensity of the tablet 
ingredients with the lubricants (12,13). 


The present study concerned the effect of magnesium 
stearate on tablet disintegration. Three different pre- 
blends, containing a slightly or a strongly swelling disin- 


tegrant, were mixed before compression with magnesium 
stearate for different time periods. Particular attention was 
focused on the effect of disks in the USP disintegration 
apparatus. 


EXPERIMENTAL 


Materials-The disintegrants used were dried potato starch’ (mois- 
ture content -8%) and sodium starch glycolate2 NF XV. The other ex- 
cipients were unmilled dibasic calcium phosphate dihydrate3, extra-fine 
crystalline lactose‘, aspirin6 (crystalline acetylsalicylic acid), and mag- 
nesium stearatee. 


Methods-Mixing-Preblends of filler and disintegrants were pre- 
pared by mixing7 the excipients for 15 min, using glass vessels with a 
loading of -20%. If not stated otherwise, the rotation speed was 90 rpm. 
After addition of 0.5% magnesium stearate, mixing was continued for a 
specified period. 


Tablet Compression-Tablets were prepared by introducing manually 
520.8 mg of the blend containing sodium starch glycolate or 625 mg of 
the blend containing potato starch into a prelubricated 13-mm die of a 
compression device mounted between the plattens of an instrumented 
hydraulic presss. The samples were compressed at  a compression force 
of 20 kN with a loading rate of 2 kN/sec. 


Crushing Strength-The crushing strength of the tablets was deter- 
mined immediately after compression using a motorized instrumentg. 
The data given are the means of a t  least five tablets. 


Disintegration time-The disintegration time of the tablets was de- 
termined using the USP XIX apparatus. If not stated otherwise, the test 
was performed without disks. The data given are the means of the dis- 
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alization for various lengths of time. In both the enamel and pellet sys- 
tems, the degree of' remineralization attainable was directly related to 
the extent of prior demineralization, although in no instance was the 
demineralized material 100% recovered in remineralization. Fluoride 
levels up to several thousand parts per million were found a t  depths as 
great as 50 pm from the surface in some cases. The stoichiometry of the 
remineralized material and electron microprobe examination were con- 
sistent with the formation of fluoridated hydroxyapatite rather than I. 
The detailed characterization of the behavior of the remineralized ma- 
terial is now being addressed in studies in these laboratories. 
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Abstract 0 Laboratory studies were carried out on a newly conceived 
fluoride-containing remineralizing system with bovine teeth. The pro- 
totype fluoride delivery device involved micronized calcium fluoride 
maintained a t  the tooth surface with a cellulose film. Together with sal- 
ivary calcium and phosphate (or simulated saliva), this system was able 
to generate and maintain the appropriate thermodynamic activity driving 
force for significant fluorapatite deposition in a reasonably short time 
(-48 hr). 


Keyphrases 0 Delivery devices-fluoride, remineralization of bovine 
teeth, effect of film thickness and particle size Fluoride-delivery 
devices for remineralization of bovine teeth, effect of film thickness and 
particle size on remineralization Remineralization-bovine teeth, 
fluoride delivery devices, effect of film thickness and particle size on 
remineralization Teeth, bovine-remineralization using fluoride de- 
livery devices, effect of film thickness and particle size on remineraliza- 
tion 


Recent in uitro studies in these laboratories (1) showed 
that the amount of fluoride incorporated in a reminerali- 
zation treatment can be increased substantially if the tooth 
is demineralized carefully prior to the remineralization. 
This finding suggests that successful remineralization 
might be attained in uiuo if the teeth could be demineral- 
ized to the same extent as in the in uitro experiments. This 
paper describes the initial studies in the development of 
a fluoride topical delivery system designed to achieve in 
uiuo results similar to the results obtained in uitro. 


In vitro remineralization can be very successful when 
the ionic activity product, KFAP (a&+a$o~-a&), is 
(1). Less concentrated solutions provide less driving force 


for remineralization; more concentrated solutions may 
result in the rapid precipitation of calcium fluoride (I) or 
dicalcium phosphate dihydrate (11) in the prepared solu- 
tions themselves or in enamel pores, thereby blocking or 
retarding remineralization. It was decided to control the 
solution conditions at  the enamel surface by supplying 
fluoride in the form of I suspended in a film adhering to the 
enamel surface. 


Calculations have shown that mixtures of I and I1 or I 
alone in the film should result in solution compositions 
appropriate for remineralization at  the enamel surface. 
Furthermore, the relatively low solubility of I limits the 
rate at  which the suspended particles dissolve, so that 
fluoride applied in this way is inherently long acting, even 
with no moderation from the film. This fact makes the film 
design problem much simpler than when a more soluble 
fluoride source such as sodium fluoride is used and the film 
must then control the release rate. Therefore, the problem 
of film design is not to find a film with a narrowly pre- 
scribed set of properties but rather to find a film that can 
hold the particles of I in place while being porous to saliva 
and interfering minimally with particle dissolution. 


EXPERIMENTAL 


Materials and Methods-Bovine teeth from 8-week-old, crate-fed, 
strictly kosher calves were obtained from packing houses in the Chicago 
area. These animals were chosen because each is subjected to rigidly 
controlled and uniform environmental conditions (including diet) and 
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and the enamel) 
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Figure 1-Fluoride delivery devices. 


each is slaughtered a t  precisely the same age. Thus, each tooth has very 
nearly the same past history so there is little experimental variation from 
one tooth to another. In addition, these teeth provide large flat surfaces 
for kinetic studies and have no detectable fluoride (((1 ppm in the 
enamel). All bovine teeth were ground with a rotating sandpaper (No. 
600) to remove any pellicle and further reduce any sample to sample 
variation. 


Chemicals-Ethylcellulosel and povidone2 (average mol. wt. 10,000) 
were used as supplied from the manufacturer. The cellulose film was cut 
from dialysis tubing3. All other chemicals were analytical grade, and all 
water was distilled twice. 


Demineralization Experiments-In the demineralization experi- 
ments, a tooth was covered by inlay wax except for -0.25 cm2 of the labial 
surface. The tooth then was demineralized in I0 ml of a 16% saturated 
buffer solution (0.1 M acetate buffer a t  pH 4.5, containing 3.5 mM total 
phosphate and total calcium, with the ionic strength adjusted to 0.5 by 
the addition of sodium chloride) with gentle shaking for 1-48 hr. The 
extent of demineralization was assessed by measuring the amount of 
phosphate dissolved. The solution was always kept at 30 f 0 . 1 O .  


The attachment of fluoride delivery devices followed demineralization. 
Two kinds of devices were used (Fig. 1). 


Mixed Polymer Film with Suspended I o r  1-11 (Fluoride Delivery 
Device A)-Powders of I or I1 passed through either a 100-mesh sieve 
(150-pm openings) or a 270-mesh sieve (52-pm openings) were suspended 
in a 5% (w/v) ethanolic solution of the selected polymer mixture. The 
tooth was dipped for various times in the polymer solution. Before each 
dipping, the polymer solution on the tooth surface was dried so as not to 
drop off. Therefore, the film thickness could be controlled by the dipping 
times and was varied from 10 to 60 wm. After 2 min of drying, the tooth 
with the film was immersed in water for 30 min to permit ethanol to leach 
from the film. 


Ethocel, Dow Chemical Co. 
Matheson, Coleman and Bell. 
Spectrum Medical Industries. 


100 200 300 


Figure 2-Plots of Q versus the square root of time for determining the 
diffusivity of calcium fluoride in the polymeric films. Key: 0 ,  calcium 
fluoride-ethylcellulose-pouidone (f:4:1); X, calcium fluoride-ethyl- 
cellulose (15); and 0,  calcium fluoride-ethylcellulose-glycerin (15: 
0.22). 


Cellulose Film Containing Micronized I o r  1-11 (Fluoride De- 
livery Device B)-Powders of I and I1 passed through a 270-mesh sieve 
(52-fim openings) were mixed in various ratios. The mixture was scattered 
evenly on the surface (0.2 cmz) and was covered by a cellulose film with 
its periphery fixed by adhesive4. The quantities used were 0.5 mg of I or 
2 mg of a 1:6 mixture of I and W0.2 cm2. 


Remineralization Experiments-In the remineralization experi- 
ments, the tooth with the attached fluoride delivery device was remin- 
eralized for 24-72 hr in buffer for remineralization (0.1 M acetate buffer 
a t  pH 4.5 containing 12 mM of total calcium and total phosphate with 
its ionic strength adjusted to 0.5 by the addition of sodium chloride). The 
buffer solution was shaken gently and kept a t  30 f 0.1' as in deminer- 
alization. A buffer solution volume of 100 ml was used so that the buffer 
composition during remineralization would not change significantly. 


The remineralization in saliva was done in a test tube with enough 
saliva for dipping the tooth. The tooth was fixed at the tip of a small glass 
rod -1-2 cm shorter in length than the test tube. The test tube was fixed 
on a rotating wheel (2 rpm) in an electric oven kept at  37". This was ac- 
complished in such a way that the tooth was prevented by the glass rod 
from moving down with the saliva as the tube rotated end-over-end and 
instead was immersed intermittently in the saliva. All remineralization 
experiments were done in duplicate. 


The fluoride delivery system was removed after remineralization. For 
Device A, the film was dissolved by ethanol, which was renewed at  least 
five times and shaken vigorously. For Device B, the film was peeled off 
carefully so as not to damage the tooth surface, and the tooth was washed 
with water to remove any I or I1 particles adhering to the surface. Then 
the surface was rewaxed, except for the remineralized area, and etched 
in 1 ml of 0.5 M HC104 for successive intervals of 30,60,120,200, and 200 
sec. The etched surface was washed with 1 ml of water after each etching 
step. 


Assay of Phosphate, Fluoride, and  Calcium 45-Phosphate, fluo- 
ride, and calcium 45 concentrations in each etching solution were ana- 
lyzed when the tooth was remineralized in the buffer containing calcium 
45. Phosphate and fluoride were analyzed when the tooth with the fluo- 
ride delivery device was remineralized in saliva. 


Phosphate concentrations were determined by the method of Gee et  
al. (2) in which the phosphoammonium-molybdate complex formed was 
reduced by stannous chloride. The absorbance of the resulting blue color 
was determined after 15 min a t  720 nm5. 


Endur M, Ormco Co. 
Hitachi 690 spectrophotometer. 
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Fluoride concentrations were determined by a combination fluoride 
electrode6 using a low-level total ionic strength-adjusting buffer. 


Calcium 45 was determined by a scintillation counter7. Nonradioactive 
calcium was measured by atomic absorptions. Because of possible 
phosphate interference, strontium chloride was added to each sample 
in the latter procedure. 


Apparent Diffusivity of I through Ethylcellulose, Ethylcellu- 
lose-Glycerin, and Ethylcellulose-Povidone Films-When a solute 
is suspended in a film, its diffusivity, D,, through the film can be obtained 
by measuring the amount of solute released from the film as a function 
of time according to (3): 


Q = (2D,tACs)1/2 (Eq. 1) 


where Q is the amount of solute released per unit area after time t, A is 
the total amount of solute in the film per unit volume, and C, is the sol- 
ubility of the solute in the film. 


The diffusivities of I through ethylcellulose, ethylcellulose-glycerin, 
and ethylcellulose-povidone films were measured as follows. Calcium 
fluoride (I) was suspended in 0.3 ml of an ethanolic solution of the poly- 
mer or polymer mixture. The suspension was poured into a shallow (1-mm 
depth) cylindrical depression (0.88-cm radius) on a polytef disk and dried 
for 13 min in an electric oven at  50'. The film on the disk was then im- 
mersed into water that was stirred constantly and kept a t  30'. The flu- 
oride released from the film was determined at several sampling times 
with a fluoride electrode. 


RESULTS 


Fluoride Delivery Device A-Diffusivity of I in Polymer Films- 
The plots for amounts of I released versus the square root of time for the 
three films are shown in Fig. 2. Effective diffusivities of I then were cal- 
culated from the slopes using Eq. l. The values of D, for I in ethylcellu- 
lose, ethylcellulose-glycerin, and ethylcellulose-povidone films were 1.44 
f 0.18 X 10-lo, 3.20 f 0.58 X and 2.20 f 0.25 X cm2/sec, re- 
spectively. Since the last film had a higher effective diffusivity and ad- 
hered to the tooth better, it was selected for Device A. 


Effects of Film Thickness and Particle Size of Suspended I on 
Remineralization-The teeth demineralized for 6 hr (D6) were covered 
by varying thicknesses (10-60 pm) of an ethylcellulose-povidone film 
containing I, which was sieved by a 100- or 270-mesh sieve (150- or 52-pm 
openings, respectively). Then these teeth were remineralized for 24 hr 
in buffer (R24). Figure 3 shows the cumulative uptake of calcium 45 at  
depths up to 80 pm as a function of the film thickness. Fluoride uptake 
decreased with increasing film thickness for both particle sizes of I studied 


6 Model 96-09, Orion Co. 
7 Liquid scintillation system, Beckman Instruments. 
8 Perkin-Elmer atomic absorption model 303. 
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Figure 4-Effect of ratio of calcium fluoride (CaF2) to calcium phos- 
phate dihydrate (CaHP04.2H20) on Cumulative fluoride uptake with 
Device A. Key: a, D~-R24,40-pm film thickness;O, D6-R12,40-pm film 
thickness; and A, 024-R72,40-pm film thickness. 


and were very small, with levels of only -1/50 or less of those attained 
previously in solution remineralization experiments (1). Even in the 
system with smaller particles, appreciable uptake was not found. These 
results indicate that the diffusion of ions out of or through the film is the 
rate-limiting step for remineralization in this system and that the ionic 
activity product, KFAP, simply does not reach a high enough value 
(>1O-lo8) in the tooth. 


Effects of Longer Remineralization Times and All Three Ion 
Sources-Assuming that the solubility of I in the aqueous pores of the 
film phase is equal to its aqueous solubility implies that the fluoride 
concentration in the pores of the film is -7 ppm. This concentration is 
high enough for the formation of fluoridated hydroxyapatite in the 
remineralization step, suggesting that higher permeabilities of the film 
to ions and longer remineralization times could increase the degree of 
remineralization. Furthermore, higher calcium and phosphate concen- 
trations in the film might improve remineralization even if the perme- 
ability remains low. Therefore, the following experimental systems were 
examined. 


Teeth demineralized for 6 or 24 hr were covered by a 40-gm film 
(ethylcellulose-povidone) containing mixtures of I and I1 and reminer- 
alized for 24 or 72 hr. Although a thinner film would present less of a 
barrier for ions to diffuse in from the external solution, the 40-pm film 
was selected to accommodate the particles that ranged in size up to -50 
pm. Figure 4 shows the cumulative fluoride uptake (in micrograms) to 
a depth of 89-90 pm as a function of the weight fraction of I in the 1-11 
mixture. These results ranged from 0.2 to 0.5 pg and did not depend 
significantly on either the weight fraction of I or the demineralization 
and remineralization times. Fluoride concentrations in these teeth were 
much less than expected, a few hundred parts per million at a depth of 
-40 pm. 


Fluoride Delivery Device B-Calcium fluoride or a 1-11 mixture was 
dispersed on the surface of a demineralized tooth and covered by a cel- 
lulose film in which the ions were estimated to have an effective diffusivity 
of cm2/sec. The tooth was remineralized for 24 hr in the reminer- 
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Figure 5-Remineralization of ground bovine tooth using Device B in 
saliva and in remineralizing solution. Key: ---, calcium fluoride with 
remineralization in saliva; -, calcium fluoride with remineralization 
in buffer solution; - - -, calcium fluoride and calcium phosphate dihy- 
drate (1:6) with remineralization in saliva; and -.-, calcium fluoride 
and calcium phosphate dihydrate (1:6) with remineralization in buffer 
solution. 
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alizing buffer solution. During remineralization, water, calcium, and 
phosphate diffuse through the cellulose film and through a region im- 
mediately adjacent to the tooth surface, which contains the micronized 
powders. Therefore, calcium and phosphate ions were supplied from both 
the buffer and the dissolution of these powders, while fluoride was sup- 
plied directly from the dissolution of I. The higher diffusivity of ions 
through the cellulose film and the lack of a polymer network on the tooth 
surface would be expected to lead to much more remineralization by 
Device B than was accomplished using Device A. Figure 5 shows the 
fluoride concentration profiles measured in the teeth remineralized with 
Device B. The results were considerably higher ( 1 ~ 2 0 o O  ppm at depths 
as great as 40-50 pm) than the results obtained with Device A (<300 
ppm). Furthermore, Device B containing only I was more effective in 
remineralizing the teeth than was Device B containing the 1-11 mixture, 
implying that calcium and phosphate readily diffused through the film 
from the solution. 


The fluoride concentration profile of teeth remineralized in saliva in- 
stead of the buffer solution are shown in Fig. 5. The results were almost 
the same as those obtained from remineralization in the remineralizing 
buffer solution. As was the case when remineralizing with buffer solutions, 
the system containing I was much better than the 1-11 mixture. Even in 
saliva, an appreciable fluoride concentration was achieved using Device 
B. 


DISCUSSION 


The results obtained with Device B show that satisfactory remineral- 
ization occurred when I was held in proximity to the tooth surface for 24 
hr. These initial experiments with Device A, a prototype of a practical 
means for holding I near the tooth surface, show that the main problem 
to overcome is to find a polymer film that adheres to the tooth and from 
which I is released rapidly. 


Since these studies showed that remineralization can be achieved in 
the model systems using bovine teeth, it then was verified that human 
teeth respond in similar manner (4,5). These studies provide justification 


for proceeding in the development of the appropriate polymer system 
for use with Device A. 


SUMMARY 


Delivery Device A, a possible prototype of a clinically feasible remin- 
eralization system, was not successful with the polymer systems studied. 
In each case, the film permeability was not high enough for ions to pen- 
etrate a t  a sufficient rate. 


Delivery Device B, while not practical for clinical use, had a much 
higher permeability to ions than did Device A and was used to simulate 
behavior that might be expected from Device A if a more permeable film 
could be developed. Device B was quite effective in remineralizing teeth, 
yielding fluoride levels of -1000 ppm at  depths up to 50 pm, euen in sa- 
liva. Calcium fluoride alone gave better results than the 1-11 mixtures 
studied. 


These results imply that a practical clinical remineralization procedure 
based on Device A is feasible, with the primary problem being develop- 
ment of a suitable polymer film. 
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Abstract A recently conceived calcium fluoride-containing reminer- 
alization system was tested using human teeth in uitro. The influence 
of several variables (surface pretreatment, demineralization time, and 
remineralization time) was studied. Appreciable levels of fluoride taken 
up by pumiced human teeth were found at  depths up to 50 pm when 
remineralization was carried out in either the remineralizing solution or 
saliva. The successful performance of the delivery device in these labo- 
ratory studies is encouraging and indicates that the logical evolution of 
the crude devices studied thus far could lead to clinically practical fluoride 
delivery devices. 


Keyphrases 0 Delivery devices-fluoride, remineralization of human 
teeth in uitro, effect of surface treatment on remineralization Fluo- 
ride-delivery devices for remineralization of human teeth in uitro, effect 
of surface treatment on remineralization 0 Remineralization-human 
teeth in uitro, fluoride delivery devices, effect of surface treatment on 
remineralization 0 Teeth, human-remineralization in uitro using flu- 
oride delivery devices, effect of surface treatment on remineralization 


As a result of in vitro studies demonstrating the effec- 
tiveness of a controlled demineralization pretreatment in 
enhancing subsequent fluoride remineralization (l), in- 


vestigations recently were initiated to develop techniques 
for a practical clinical remineralization procedure. In the 
previous study, Yonese et al. (2) worked with a delivery 
device that was capable of physically holding particles of 
calcium fluoride (I) adjacent to the tooth surface while 
remaining permeable to calcium, phosphate, and fluoride 
ions as well as water. This device was capable of depositing 
high levels of fluoride (1000-2000 ppm) a t  depths of up to 
50 pm, using bovine enamel as a test substrate. 


This paper demonstrates the effectiveness of deminer- 
alization-remineralization for human teeth and examines 
additional variables that are clinically relevant but that 
were not studied with the bovine teeth. 


EXPERIMENTAL 


Human teeth removed for orthodontic reasons were obtained from 
dentists in the Chicago area. 


The buffer solutions used for demineralization and remineralization 
were prepared as described previously (2). The demineralizing solution 
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Abstract o Recent work in these laboratories showed that different 
preparations of cholesterol monohydrate and anhydrous cholesterol had 
diflerent dissolution rates under the same conditinns. A method was 
developed by which both the thermodynamic contribution (C,) and the 
interfacial kinetic contribution ( P )  to dissolution could be determined 
from experimental data. The rotating-disk dissolution method was used 
with the Levich theory to assess the data. Dissolution rates were deter- 
mined in solutions partially saturated with cholesterol. Dynamic solu- 
bilities were determined by plotting dissolution rates ( J / A )  uersus bulk 
concentration (Cb)  and extrapolating to zero J / A .  By using a best-fit 
analysis, it was possible to determine solubility as well as the interfacial 
transport constant independently. When this method was used to study 
differences in dissolution hehavior of different solid preparations of 
cholesterol, the differences could be accounted for primarily by variations 
in the interfacial transport constant rather than by solubility varia- 
tions. 


Keyphrases 0 Cholesterol-dissolution rate behavior in bile acid so- 
lutions, comparison of solid preparations Dissolution-cholesterol, 
comparison of solid preparations in bile acid solutions 0 Bile acids- 
cholesterol dissolution, comparison of solid preparations 0 Gall- 
stones-cholesterol dissolution, comparison of solid preparations in bile 
acid solutions 


Most dissolution rate experiments have been interpreted 
satisfactorily by diffusion-convection models (1). However, 
recent studies (2, 3) of the dissolution rate behavior of 
cholesterol in bile acid solutions showed that interfacial 
resistance is often the dominant factor to mass transfer. 


Preliminary studies in these laboratories showed that 
different preparations of solid cholesterol result in large 
variations in dissolution rate behavior. A method was 
needed to determine both the thermodynamic contribu- 
tion and the kinetic contribution to dissolution from ex- 
perimental data for different solid preparations. 


The rotating-disk method was used with the accompa- 
nying Levich theory (4) to analyze results since it is well 
suited for quantifying the contributions of the diffusion- 
convection mass transfer resistance and the contributions 
of the interfacial barrier and/or solubilization kinetics in 
the diffusion layer to the overall kinetics. The purpose of 


this paper was to demonstrate how dissolution rate data 
can be analyzed when interfacial kinetics and the ther- 
modynamic driving force for various solid phases of a 
substance vary simultaneously. The method was applied 
to the problem of cholesterol dissolution in bile acid so- 
lutions. 


THEORETICAL 


According to the Nernst diffusion layer theory, the total resistance for 
the transfer of a solute into the solution immediately adjacent to the solid 
surface and then into the bulk solution is given by h / D ,  a diffusion term. 
Both convection and diffusion are expected to be important in most 
dissolution situations. Therefore, for the rotating-disk method, the ef- 
fective diffusion resistance ( h l D )  may be equated to an appropriate 
function that considers both processes. Thus, when both diffusion and 
convection are important, the mass flux as given by Levich (4) is: 


J = 0.62AD2f3~-'"w1/2(C,  - Cb) (Eq. 1 )  


where: 


A = apparent surface area of the pellet 
D = diffusion coefficient 


Y = kinematic viscosity 
w = angular velocity of rotation 


C, = saturation solubility 
cb = bulk concentration 


The effective diffusion layer thickness is given as: 


h = 1.612D'/3~1/6~-' /2  (Eq. 2 )  


For the region of dissolution in which both diffusion and a first-order 
interfacial resistance are important, the flux as given by Levich (4) is: 


(Eq. 3) 


where P is the permeability coefficient (interfacial transport con- 
stant). 


In the case of pure bulk transport, the observed dissolution rate should 
be essentially equal to the calculated flux (Eq. 1 ) .  However. if the ob- 
served reaction rate is much lower than the calculated diffusion-con- 
vection flux, it may be concluded that dissolution is taking place in the 
interfacially controlled region, i . e . ,  1/P has become rather large (Eq. 
3). 
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Figure 1-Effect of pH on the  dissolution rate of cholesterol in 5% 
sodium cholate solutions (pH was adjusted by addition of sodium hy- 
droxide). Key: o , p H  7.1; + , p H  7.4; 0, pH8.02;and Q, p H  11.08. 


EXPERIMENTAL 


Solutions-Sodium cholate test solutions were prepared by titrating 
equivalent amounts of cholic acid' with sodium hydroxide. The solution 
pH then was adjusted to 8.0. While this value was not the physiological 
pH, it was at  a region where J / A  would experience minimum variability 
because of pH variations (Fig. 1). The solutions were allowed to equili- 
brate for at least 1 day before use. 


Materials-Commercial cholesterol2 was recrystallized three times 
from 95% ethanol. Radioactive cholesterol monohydrate was prepared 
by mixing [4-'4C]cholestero13 with a known amount of the recrystallized 
cholesterol at 60' (specific activity of -10 pCi/g). The solutions then were 
allowed to stand undisturbed for 48 hr a t  room temperature. The cho- 
lesterol crystals were filtered and dried overnight in uacuo. The choles- 
terol monohydrate crystals were stored in the dark in a desiccator satu- 
rated with water vapor a t  room temperature. 


Preparation of Solid Phases-Cholesterol samples that gave dif- 
ferent dissolution rates under the same conditions were obtained. Two 
preparations of cholesterol monohydrate were obtained. One sample (I) 
was prepared by mixing 5 g of recrystallized cholesterol and 50 pCi of 
[4-14C]cholesterol with 400 ml of 95% ethanol a t  60'. Another sample (11) 
was prepared by mixing 10 g of recrystallized cholesterol and 100 pCi of 
[4-'4C]cholesterol with 400 ml of 95% ethanol a t  60'. During the crys- 
tallization of I and 11, the crystallization rates were significantly different. 
Crystals were first noticed -12-15 and -3-4 hr after dissolution4 in I and 
11, respectively. 


In addition, two nonhydrated forms of cholesterol were obtained by 
pretreatment of I. One sample (111) was prepared by melting a small 
amount of I at 160' for 5 min. Another preparation (IV) was obtained by 
heating I at looo for 24 hr. 


To check the hydrated nature of the two monohydrates and the 
nonhydrated nature of the melt and the heated sample, weight loss ex- 


Weddell, London, England. 
2 J. T. Baker Chemical Co., Phillipsburg, N.J. 


New England Nuclesr Corp., Boston, Mass. 
4 In later discussions, I will be referred to a8 normal cholesterol and I1 will be 


referred to as rapid cholesterol. 
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Figure %-Diagrammatic representation of the static-disk dissolution 
apparatus. 


periments were conducted on each solid form. For all of these prepara- 
tions, -1 g of the cholesterol was weighed into a vial and then heated at 
100' for 15 min. After heating, the samples were reweighed. This process 
was repeated until the weight of the vial plus the cholesterol was constant. 
Any weight loss during this process was attributed to the loss of the sol- 
vation molecule (water). 


For the two monohydrate samples, the loss in weight corresponded to 
1.0 f 0.3 mole of water for each mole of cholesterol. However, for the melt 
and the heated sample, no weight loss was detected after further heating. 
This finding demonstrates the monohydrate nature of the two hydrated 
forms and the anhydrous nature of the two heated preparations. 


In addition to weight loss determination, it also was important to check 
for decomposition products. TLC plates were prepared and placed into 
tanks with chloroform-acetone (9O:lO) as the solvent (5). For all solid 
preparations, one spot with an Rf value of 0.62 was found. 


Equilibrium Solubility Determination-The solubility of each 
cholesterol monohydrate sample was determined by adding an excess 
of radiolabeled cholesterol monohydrate to a few milliliters of solvent. 
The tube containing the slurry then was shaken by a wrist-action shaker 
in a water bath maintained at  37O. Samples were taken periodically, 10 
ml of scintillation fluid was added to the sample, and the amount of 
cholesterol dissolved was calculated from the radioactivity determined 
in a liquid scintillation counter5. When the amount of dissolved choles- 
terol reached a constant level, this limiting value was used to calculate 
the equilibrium solubility (2). 


Diffusion Coefficient Determination-The diffusion coefficient 
was determined in a small-volume diaphragm cell a t  37'. The apparatus 
and the procedure were described previously (6). The apparatus consisted 
of two well-stirred reservoirs separated by a silver filter membrane. Both 
reservoirs contained 3.4 ml of the solvent medium, and each was stirred 
at  150 rpm with a magnetic bar in the bottom chamber and a paddle in 
the upper chamber. A t  the end of the run, the concentration in each 
reservoir was determined. 


Method-For the initial portion of this investigation, the static-disk 
dissolution apparatus was employed (Fig. 2). Approximately 200 mg of 
the various solid preparations was compressed6 into pellets [compression 
load of 1362 kg (3000 lb)] with a diameter of 1.27 cm. The pellets then were 
placed into the dissolution setup. Exactly 10 ml of the sodium cholate 
solution was added, and the system was stirred with a 150-rpm stirrer7. 


Beckman Instruments, Irvine, Calif. 
Model B laboratory press, Fred Carver Inc., Summit, N.J. 
Model CA stirring motor, Hurst Manufacturing Co., Princeton, Ind. 
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Figure 3-Diagrammatic 
representation of the ro- 
tating-disk dissolution 
apparatus. Key: A, con- 
stant-speed motor; B, ro- 
tating shaft; c, water out- 
let; D,  disk with pellet; E,  
water inlet; and F, sample 
port. 


Samples were taken at different times, and the amount dissolved was 
measured in a liquid scintillation counter. 


For the more detailed analysis, the rotating-disk apparatus was used 
(Fig. 3). This apparatus consisted of three main parts: the outside 
water-jacketed beaker, the removable disk, and the controlled-rotating 
devices. Deviation of the experimental results from theory was assessed 
using benzoic acid as a model solute since benzoic acid dissolution is 
diffusion-convection controlled (6). 


Fifty milliliters of solvent was pipetted into the water-jacketed beaker 
maintained at 37' for each dissolution run. The rotating disk containing 
the pellet then was centered at -1 cm below the solvent level so that the 
distances from the disk wall to the inner surface of the beaker exceeded 
0.5 cm. Samples were taken at  appropriate times and assayed for the 


Melt  (111) 


1 2 3 4 5 6  
HOURS 


Figure 4-Effect of the solid preparation on  the dissolution rate in 5% 
sodium cholate and 0.1 M phosphate buffer at pH 8.00 in the static-disk 
dissolution apparatus. 


Servodyne laboratory stirrer, Cole-Parmer Instrument Co.. Chicago, 111. 


Melt (111) 


Sample I1 


Samp 


e I1 


Samp 


1 2 3 4 5  
HOURS 


l e  I 


Figure 5-Effect of the solid preparation on the dissolution rate in 5% 
sodium cholate and 0.1 M phosphate buffer at p H  8.00 in the rotating- 
disk apparatus. 


amount dissolved. All experiments were concluded early enough so that 
sink conditions were always maintained. Rotation speeds varied between 
20 and 450 rpm. Partially saturated solutions of 5% sodium cholate and 
0.1 M phosphate buffer at pH 8.0 were prepared by adding nonradioactive 


Cb, rng/rnl 


Figure 6-Dissolution rate versus bulk concentration for the normal 
(I) pellets in 5% sodium cholate and 0.1 M phosphate buffer at pH 8.00. 
Key: 0,20 rpm; 0 , 5 0  rpm; 0,150 rpm; and 0 ,450  rpm. Each J/A ualue 
is a n  average of two experiments. Since the  typical variations are 
f5---IO% for these results, which are too small to be seen, only the 
average ualues are presented here and in  Figs. 7-13. 
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Cb, rng/ml 


Figure 9-Dissolution rate versus bulk concentration for the pellets 
(IV) prepared from I heated at looo for 24 hr in 5% sodium cholate and 
0.1 M phosphate buffer at pH 8.00. Key: 0 , 2 0  rpm; .,50 rpm; 0,150 
rpm; and 0 , 4 5 0  rpm. 


0.10.. 


0.08.- 


Cb, mdml 
Figure 7-Dissolution rate versus bulk concentration for the rapid (II) 
pellets in 5% sodium cholate and 0.1 M phosphate buffer at pH 8.00. 
Key: 0,20 rpm; 0,50 rpm; 0 ,150  rpm; and 0 , 4 5 0  rpm. 


cholesterol to the solutions and allowing the cholesterol to dissolve 
completely. Bulk concentrations of cholesterol varied from 0 to -1.0 
mg/ml. 


RESULTS AND DISCUSSION 


As already stated, different solid preparations of cholesterol give dif- 
ferent dissolution rates under the same conditions. These differences may 
be caused by variations in P and/or C, (Eq. 3) between the different 
preparations. By varying Cb (bulk concentration) and w (rotational 
speed), it was possible to determine C, and P values for all solid prepa- 
rations. 


Since cholesterol dissolution is essentially surface controlled, l/P is 
much larger than 1.612D-2/3v1/6w-1/2 (Eq. 3). Therefore, the actual value 
of D is not required for the present analysis. However, as an independent 
check, D was determined and compared to the value obtained in the later 
analysis. 


Dissolution Results of Benzoic Acid-The results of benzoic acid 
dissolution were the same as those previously reported (6). Benzoic acid 
dissolution was linear at all rotation speeds. When these dissolution rates 


4 L 


Cb. mg/ml 


Figure 8-Dissolution rate versus bulk concentration for the melt (HI)  
pellets in 5% sodium cholate and 0.1 M phosphate buffer at pH 8.00. 
Key: 0,20 rpm; .,50 rpm; 0,150 rpm; and 0 , 4 5 0  rpm. 


were plotted uersus the square root of the rotation speed, a linear rela- 
tionship was obtained. This relationship was compared to the dissolution 
rates predicted by the Levich theory (4) (Eq. 1). The experimental dis- 
solution rates were 15% lower than those predicted by the Levich theory. 
This discrepancy is consistent with the views of Gregory and Riddiford 
(7) regarding the performance of rotating-disk geometrics of the type used 
in the present study. 


Dissolution of Cholesterol Solid Preparations Using Static-Disk 
Setup-Measurement of dissolution rates of the cholesterol solid phases 
showed significant differences (Fig. 4 and Table I). Sample I1 gave a 
dissolution rate that was -70% higher than that of I. The heated prepa- 
ration gave a dissolution rate -3.6 times as great as did I, while the melt 
gave an increase in the dissolution rate by a factor of 5. The results of 
several pellets of each preparation were reproducible to 110%. Because 
the differences in dissolution rates were significant, it was necessary to 
determine whether these differences were due to variations in C, (solu- 
bility) or P (interfacial transport constant). 


Dissolution of Cholesterol Solid Preparations in Rotating-Disk 
Setup-For each solid preparation, initial dissolution rates in the ro- 
tating-disk apparatus were obtained in the same manner as for the 
static-disk experiments. Figure 5 shows the results of some typical ex- 
periments for the various solid preparations in solutions of 5% sodium 
cholate and 0.1 M phosphate buffer a t  pH 8.0 with bulk cholesterol 
concentrations equal to zero. As was found with the static disk, these 
results were reproducible to *lo%. Plots such as these were prepared 
under all conditions to obtain the initial dissolution rates. 


0.00 0 . 0 2 1  1 .o 2.0 3.0 4.0 5.0 6.0 7.0 


w"*, (radkec)"' 
Figure 10-Best-fit analysis of the normal pellets (I)  in 5% sodium 
cholate and 0.1 M phosphate buffer at pH8.00. Key (Cb in milligrams 
per milliliter): 0 , O . O  mglml; A, 0.2 mglml; and +, 1.1 mgjml. 
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Figure 11-Best-fit analysis of the rapid pellets (11) in 5% sodium 
cholate and 0.1 M phosphate buffer a t  p H  8.00. Key ( c b  in milligrams 
per milliliter): 0, 0.0 mglml; A, 0.3 mglml; and +, 1.1 mg/ml. 


To determine the dynamic solubility (C,) ,  initial dissolution rates were 
determined and then plotted against c b  (bulk concentration). Figures 
f%9 show the results of experiments carried out in 5% sodium cholate and 
0.1 M phosphate buffer solutions at  pH 8.0. The extrapolations of these 
data to zero J/A gave the dynamic solubilities. 


As was predicted, Figs. 6-9 show a linear decrease in the cholesterol 
monohydrate dissolution rate as saturation was approached. This finding 
indicates that dissolution kinetics are proportional to the change in 
concentration (AC) over the entire saturation range. The dynamic 
solubilities for both cholesterol monohydrate samples were found by 
extrapolation to be -1.40 mg/ml (Figs. 6 and 7). The C, value for the two 
anhydrous preparations was -1.75 mglml (Figs. 8 and 9). 


To look at the data in a more meaningful way, plots of J/A uersus d2 
were prepared. Figures 10-13 clearly show the important involvement 
of the interfacial barrier. If the interfacial barrier was not significant (i.e., 
diffusion-controlled case), a plot of J/A uersus u1’2 would give a straight 
line through the origin. If the interfacial barrier is significant in disso- 
lution, a slope of <I  and a deviation from linearity should be ob- 
tained. 


From a least-squares best-fit analysis, using Eq. 3 with a 15% correc- 
tion, it was possible to obtain values for C,, P ,  and D, where P is the in- 
terfacial transport constant and D is the diffusivity. The calculated 
dissolution rates using the best-fit values from Eq. 3 were compared to 
the experimental dissolution rates (Figs. 10-13). A good fit between ex- 
periment and theory is seen. The points at 450 rpm (u1/2 = 6.86) were not 
weighted in this analysis. 


Tables 11-V summarize the results of the partial saturation, the 
least-squares analyses, and the solubility determined by the slurry 
method (2). The tables show good agreement among the C, values ob- 
tained by all three methods for both I and I1 and nearly equivalent C, 


A 


0.101 ’ : 4 


1.0 2.0 3.0 4.0 5.0 6.0 7.0 
w’ ” ,  (rad/sec)1/2 


Figure 12-Best-fit analysis of the melt pellets ( I l l )  in 5% sodium 
cholate and 0.1 M phosphate buffer at pH 8.00. Key ( c b  in milligrams 
per milliliter): 0, 0.0 mglml; A, 0.3 mg/ml; and +, 1.0 mglml. 


Table I-Dissolution Rates of I-IV in 5 %  Sodium Cholate and 0.1 
M Phosphate Buffer at pH 8.00 


Sample J/A X lo4, mglsec-cm2 


1 0.73 
11 


111 
IV 


1.24 
3.60 
2.64 


Table 11-Summary of Partial Saturation Experiments and 
Best-Fit Analysis for Normal Cholesterol (I) Pellets in  5 %  
Sodium Cholate and 0.1 M Phosphate Buffer at pH 8.00 


C, from Best-Fit Analysis 
C, from Extrapolation of P X  D X  
Slurry, Partial Saturation Revolutions C,, lo4, lo6, 
mg/ml Data, mg/ml per Minute mg/ml cm/sec cm2/sec 


I 1.45 20 I 
1.34 } 1.45 


1.45 li:} 1.45 0.51 1.25 
) 1.42 450 


Table 111-Summary of Partial Saturation Experiments and 
Best-Fit Analysis for I1 in 5 %  Sodium Cholate and 0.1 M 
Phosphate Buffer at pH 8.00 


C,  from Best-Fit Analysis 
C, from Extrapolation of P X  D X  
Slurry, Partial Saturation Revolutions C,,  lo4, lo6, 
mdml Data. mdml Der Minute mdml cm/sec cm2/sec 


I 1.38 20 1 
1.36 


1.37 
1.331 1.37 lg:] 1.37 0.96 1.15 


450 


values between the samples. However, the interfacial transport constant 
( P )  differed by a factor of 1.90 between the samples. Therefore, the dif- 
ferences in the dissolution rates between I and I1 can be accounted for 
primarily by a difference in their P values. 


The C, value from the partial saturation experiments for the melt- 
prepared and heat-prepared pellets was -1.75 mglml. This value is -20% 
greater than the C, value obtained from either monohydrate sample. 
Again, the big difference was seen in the interfacial transport constant 
( P ) .  The P1v:Pr ratio was 3.99, while the PIII:PI ratio was 6.53. As was the 
case with I and 11, the difference in the dissolution behavior between the 
anhydrous preparations can be accounted for primarily by a difference 
in P. The variations in the dissolution rates between the hydrated 
preparations and the nonhydrated preparations can be attributed to small 
changes in C, and large changes in P. 


Experimental determination of D (diffusivity) agreed well with the 


0.32 1 m 


0.00 1 I 


5.0 6.0 7 .0  3.0 4.0 1.0 2.0 
wl’*, (rad/secl’/2 


Figure 13-Best-fit analysis ofthe pellets (IV) prepared from I heated 
at  looo for 24 hr in 5% sodium cholate and 0.1 M phosphate buffer a t  
p H  8.00. Key (cb in milligrams per milliliter): 0, 0.0 mglml; A, 0.3 
mg/ml; and +, 1.0 mglml. 
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Table 1V-Summary of Partial Saturation Experiments and 
Best-Fit Analysis for 111 in 5% Sodium Cholate and 0.1 M 
Phosphate Buffer at pH 8.00 


Table V-Summary of Partial Saturation Experiments and 
Best-Fit Analysis for IV Prepared from I Heated at 100” for 24 
h r  in 5% Sodium Cholate and 0.1 M Phosphate Buffer at pH 8.00 


C. from Extrapolation of 
Best-Fit Analysis 


P X  D X  
Partial Saturation Data, Revolutions per C,, lo4, lo6, 


mg/ml Minute mg/ml cm/sec cmz/sec 
~ ~ ~~~ ~~~ 


1.76 20 1 
1.79 3.32 1.26 1.72 


1.76 
1.74 450 


values of D determined from the best-fit analysis. From the small-volume 
diaphragm cell, D was determined to  be 1.52 X cm2/sec; from the 
best-fit analysis, D was -1.25 X 


As already stated, the data a t  450 rpm (w1/2 = 6.86) was not weighted 
in the best-fit analysis. The points a t  450 rpm deviate substantially from 
the theoretical curve (Figs. 10-13). A possible explanation for this de- 
viation can be found in the single-crystal experiments performed previ- 
ously (8). Individual cholesterol crystals were mounted in a cell containing 
the bile acid solution, and the cell then was placed into a 37’ chamber. 
Microscopic examination of the crystal under static conditions showed 
that surface etching occurred. Within 2 hr, a definite saw-tooth pattern 
developed along the edge of the crystal (Fig. 14). At 450 rpm in the ro- 
tating-disk experiments, the effective surface area might possibly have 
increased or some shearing of the peaks along the crystal surface may have 
occurred. This phenomenon, along with the normal micellar dissolution, 
could result in a positive deviation in the apparent dissolution rate from 
that expected from the theory. 


These findings are consistent with those of Shefter and Higuchi (9). 
They showed that the dissolution behavior of hydrated and nonsolvated 
forms of cholesterol was indeed different. The initial dissolution rate was 
shown to be three times greater for the nonsolvated cholesterol as for the 
hydrated form at  25’. They also showed that the maximum concentration 
reached with the nonsolvated form was 1.4 times as great as the solubility 
of the hydrate at 25’. 


Implications in Cholesterol Gallstone Research-Higuchi et al. 
(2,3) proposed that cholesterol monohydrate pellets may be employed 
as a model for cholesterol gallstones in in vitro dissolution rate experi- 
ments. Borgren and Larsson (10) examined biliary calculi from humans 
immediately after removal. In all cases, the cholesterol present was 
cholesterol monohydrate. These investigators also showed that the 
monohydrate can lose water to give the anhydrous form. Other investi- 
gators (11, 12) found both forms of cholesterol in gallstones, but their 
studies were conducted on stones that had been removed several years 
earlier. The authors suggested that the anhydrous cholesterol was formed 
from the monohydrate and that cholesterol monohydrate was formed 
in vivo. 


The present investigation demonstrated that large variations in results 
among studies may occur if the solid phase of cholesterol is not prepared 


cm2/sec. 


Best-Fit Analysis 
C, from Extrapolation of P X  D X  
Partial Saturation Data, Revolutions per C,, lo4, lo6, 


mg/ml Minute mg/ml cm/sec cm2/sec 


1.74 
1.74 
1.74 
1.73 


1.73 2.03 1.26 150 
4.50 


Figure 14-Photographs of 
cholesterol monohydrate crys- 
tals (18OX) in 5% sodium cho- 
late and 0.1 Mphosphate buffer 
at pH 8.00. Left: T = 0 hr. Right: 
T = 2 h r .  


in the same manner from study to study. There was approximately a 
fivefold difference between the highest (melt preparation) and lowest 
(I) rates observed. Even two preparations of the monohydrate (I and 11) 
may show differences in pellet dissolution rates as great as 80%. Thus, 
the potential for problems should be recognized and the proper cautions 
exercised when comparing data from different studies (especially from 
different laboratories). 


A rather subtle but important situation concerns the study of disso- 
lution rate accelerators. The large difference in the dissolution rates 
between the melt (or the anhydrous preparation) and I was due mainly 
to the difference in P values rather than to a difference in solubility (Cs). 
Thus, for example, the P value for the anhydrous cholesterol pellet pre- 
pared by heating I was approximately four times larger than that for I 
itself. Thus, for the same hydrodynamic (convective-diffusion) situation, 
the anhydrous pellet can be up to four times less sensitive than a pellet 
of I to agents that may influence the interfacial kinetics. 


From their studies, Tao et al. (13) concluded that convective diffusion 
rather than interfacial kinetics is the major determinant of the dissolution 
rate and that greatly accelerating the dissolution of cholesterol gallstones 
could be difficult. These investigators, however, prepared their cholesterol 
by evaporating a cholesterol-benzene solution to dryness and, conse- 
quently, their material was anhydrous cholesterols. This procedure, a t  
least in part, may account for their experimental results being closer to 
convective diffusion control than those results obtained by Higuchi et 
al. (2,3).  
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Abstract 0 Large variations in dissolution rate behavior of cholesterol 
monohydrate pellets may result from small changes in experimental 
procedures. For example, when cholesterol monohydrate pellets were 
stored overnight prior to a dissolution run, the initial dissolution rates 
varied by more than a factor of 2. It is well known that cholesterol 
monohydrate is converted to anhydrous cholesterol; cholesterol may be 
unstable toward light, heat, and other radiation in the presence of air, 
leading to its decomposition. To determine the cause of the variable 
dissolution rates, experiments were conducted with pellets “aged” under 
various conditions. The data show that the probable cause of the varia- 
tions is the pellet surface conversion of the monohydrate to anhydrous 
cholesterol, which may take place during pellet storage. The combined 
effects of temperature and humidity seem to be important. A uniform 
experimental procedure is needed if investigators hope to reproduce re- 
sults within their own laboratories as well as reproduce the findings of 
others. 


Keyphrases Cholesterol-dissolution rate behavior in bile acid so- 
lutions 0 Dissolution-rate behavior of cholesterol in bile acid solutions 


Gallstones-cholesterol, dissolution rate behavior in bile acid solu- 
tions 


Cholesterol monohydrate has been used as a model 
substance in gallstone dissolution research (1). In earlier 
work in this laboratory, it was noticed that small changes 
in the experimental procedure resulted in significant 
variations in the dissolution rate behavior of cholesterol 
pellets. In some experiments when the pellet was stored 
overnight at  3 5 O  prior to a dissolution run, the initial dis- 
solution rate was two to three times greater than the dis- 
solution rate of freshly made pellets. Since it is desirable 
to limit the variations to -10-15% in many mechanistic 
studies on cholesterol dissolution kinetics (14,  the cause 
of dissolution rate variability was investigated. 


EXPERIMENTAL 


Initially, the static-disk dissolution method was used, while the more 
quantitative rotating-disk dissolution method was used in the later 
analysis. The experimental procedures were described previously (5). 
All dissolution rate experiments were run at  37O in 5% sodium cbolate 
and 0.1 M phosphate buffer a t  pH 8.00. 


Pellets of radiolabeled cholesterol were prepared as described previ- 
ously (5). Pellets placed in the dissolution cell without solvent for varying 
times at ambient (room) humidity or humidity of <loo% at 35O will be 
referred to as aged pellets. The pellets kept a t  100% humidity a t  ambient 
temperature for 24 hr will be referred to as normal pellets. This latter 


treatment was shown to give the same dissolution rate as that of freshly 
made pellets. 


One hundred percent humidity containers were prepared by adding 
water to a desiccator until it completely filled the area under the plate. 
The other constant-humidity chambers were prepared by making satu- 
rated aqueous solutions (6) of 80% sodium bromide and of 40% calcium 
chloride which then were placed in an oven at  35’. 


RESULTS AND DISCUSSION 


Static-Disk Apparatus-When small changes in the normal exper- 
imental procedure were introduced, significant differences in dissolution 
behavior resulted (Fig. 1 and Table I). Figure 2 shows the effects of ex- 
posing the pellets to ambient humidity at 35O for varying periods (aging). 
The normally treated pellet and the pellet aged for 1 hr gave the same 
dissolution rate as well as the same dissolution pattern (linear). However, 
aging the pellet for 12 or 24 hr markedly increased the initial dissolution 
rate (Table 11). After a few hours of dissolution, these pellets showed a 
definite curvature in their dissolution profiles. 


Figure 3 shows the effects of varying the humidity as well as varying 
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Figure -Effect of pellet handling on the dissolution of choles rol 
pellets at 150 rpm in 5% sodium cholate and 0.1 M phosphate buffer 
at pH 8.00. Key: 0, normally prepared pellets; and 0, aged pellets. 
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COMMUNICATIONS 


Direct Linear Plotting Method for 
Estimation of Pharmacokinetic Parameters 


Keyphrases 0 Pharmacokinetics-direct linear plotting method of 
parameter estimation Direct linear plotting method-estimation of 
pharmacokinetic parameters 


To the Editor: 


Recently, a method was described (1) for estimating the 
parameters of a single-compartment linear pharmacoki- 
netic model following intravenous bolus dose adminis- 
tration. This method is based on the following relation- 
ship: 


1nC = 1nCO- Kt  (Eq. 1) 
where Ct is the concentration a t  some time, t ,  after bolus 
administration of a drug that results in an initial concen- 
tration of CO and K is the first-order elimination rate 
constant. This equation may be rearranged to yield: 


In CO = In C + Kt (Eq. 2) 


For each C, t data point, a straight line could be gener- 


Y = b + X M  (Eq. 3) 


where Y is In Co, b is In C, X is K ,  and M is t .  By using a 
pair of data values (C1, t l  and C2, t z ) ,  two such lines can 
be generated. The X-axis coordinate of the point of in- 
tersection of these lines provides an estimate for the K 
parameter (K i ) ,  and the Y-axis coordinate of this point of 
intersection provides an estimate of In CO (In Coil. Thus, 
Ki can be calculated according to: 


0%. 4) 
K i  = In C2 - In C1 


and Coi is calculated by substituting Ki into Eq. 2 and 
using values for either data point (CI, t l  or Cz, tz), e.g.: 


In Coi = tlKi + In C1 (Eq. 5) 


When more than two sets of data are available, the Ki 
and In Coi values must be calculated for all possible com- 
binations of data pairs. The median of all calculated Ki 
values provides the best estimate of K ,  and the median of 
all calculated In Coi values provides the best estimate of 
In Co. The selection of median values minimizes the effect 
of outliers on the parameter estimate; i.e., an estimate that 
differed greatly from the true parameter would markedly 
affect the mean of all estimates but would have no greater 
effect on the median than would an estimate that was only 
slightly different than the true parameter value. This series 
of calculations and comparisons is readily performed by 
the microcomputer. 


It is not the purpose of this communication to justify the 
use of the direct linear plotting (DLP) method of param- 
eter estimation. Previous findings (1) indicate that this 
method is superior to standard nonlinear regression (with 
and without weighting correction) when the assumption 
of equal variance for all experimental data points is vio- 
lated; ie., when outliers are present. However, in the ab- 


ated. The equation is of the general form: 


t 1 -  t 2  


Table I-Pharmacokinetic Parameter Estimates 


Regression DLP 


Parameter Value Estimate Error Estimate Error 
Actual Regression Percent DLP Percent 


A 50 81.4 62.8 56.9 13.8 
a 0.8 1.05 31.2 0.85 6.2 


10 10.12 1.2 8.9 -11.0 
0.08 0.078 -2.5 0.073 -8.7 


sence of outliers, simple unweighted nonlinear regression 
performs best. Non-normal distribution of error might be 
expected when analytical results are periodically affected 
by a large magnitude. For example, a micropipet that pe- 
riodically dispenses only 30-5076 of the labeled volume 
would result in a non-normal distribution of errors. In this 
situation, parameter estimation using the DLP method 
would be favored. 


This communication describes a program written for the 
microcomputer1, using BASIC language, which facilitates 
the application of the DLP method of parameter estima- 
tion. In addition, the program allows for sequential pa- 
rameter estimates (stripping). This program allows ex- 
tension of the DLP method to polyexponential equations. 
As output, the program provides standard exponential 
(unweighted) regression values for Co and the rate constant 
K ,  the correlation coefficient, and estimated values for all 
observed concentration data. The program then provides 
Ki and Coi values for all intersections already described 
and provides the numbers of intersection values that are 


l O O r  


0 4 8 12 16 20 24 
HOURS 


Figure 1-Simulated concentration versus time data without error (0) 
and including error (0). The solid line is the best f i t  line obtained by 
stepwise unweighted nonlinear regression analysis. The broken line is  
the best fit line obtained by stepwise application of the DLP method. 


* APPLE I1 plus, DOS 3.2.1. 
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less than and greater than the given value. Thus, the me- 
dian parameters are selected by the user. Once selected, 
these intersection values are used to calculate predicted 
concentration values for each observed value. 


The performance of the DLP program is shown in the 
following example. Concentrations expected a t  time 0.5, 
1,1.5,2.0,3,4,5,10,12,14,16,20, and 24 hr were simulated 
for the biexponential equation: 


Ct = We-“& + 1&-Ow (Eq. 6) 


Error with a coefficient of variation of either 5 or 20?6 was 
randomly assigned to the simulated concentrations such 
that four of the 12 observations were affected by the larger 
error. The results are shown in Fig. 1. The program was 
used to strip the curve. Concentrations observed between 
10 and 24 hr were used for the &phase, and those between 
0.5 and 5 hr were used for the &-phase. The results of pa- 
rameter estimation using sequential regression (stripping) 
and the DLP method are shown in Table I. In this example, 
DLP produced better estimates of A and a (13.8 and 6.2% 


BOOKS 


error) than did sequential regression analysis (62.8 and 
31.2% error). Estimates of B and p were somewhat better 
using regression (1.2 and -2.5% error) than with the DLP 
method (13.8 and 6.2% error). The large errors made by 
regression analysis in estimating A and a indicate that 
DLP estimates for the entire curve were superior. 


The determination of the importance of the DLP 
method of parameter estimation in pharmacokinetics will 
require further experimentation. It is hoped that the de- 
scribed program will facilitate this process. 


(1980). 
(1) I,. Endrenyi and H.-Y. Tang, Comp. Riomed. Res., 13, 430 
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REVIEWS 


Introduction to Pharmaceutical  Dosage Forms. By HOWARD C. 
ANSEL. Lea & Febiger, Washington Square, Philadelphia, PA 19106. 
1981.408 pp. 18.5 X 26 cm. 
The format and presentation of this third edition are the same as in 


the previous one, but the material has been revised to the current official 
compendia. The book is intended “to introduce the beginning pharmacy 
students to medicinal and pharmaceutic substances, the methods of their 
incorporation into pharmaceutical dosage forms, and the utilization of 
these forms in patient care.” 


The discussions on heritage, terminology, code of ethics, regulations, 
and drug substances should satisfactorily orient beginning students in 
their first professional course in pharmacy. The appendix defines drug 
categories and discusses measurements, and tables of official preparations 
are given. Pharmaceutical products are logically treated from the view- 
point of administration route, and the classes of pharmaceutical prepa- 
rations also are discussed. Numerous photographs illustrate equipment, 
processing, and packaging. 


However, the presentation of dosage form design in terms of bio- 
pharmacy, formulation, and practice is inadequate. Whether the cur- 
riculum of a college is arranged to present a preparations-physical 
pharmacy sequence or a technology series of courses, the scope of this text 
restricts i t s  use to an orientation course because of i t s  superficial pre- 
sentation of theory and pharmacy principles and limited discussion of 
techniques and manufacturing principles. 


Reuiewed by Eugene I,. Parrott 
College of Pharmacy 
Uniuersity of Iowa 
Iowa City, I A  52242 


Pharmaceutical Calculations, 2nd Ed. By JOEL L. ZATZ. John Wiley 
&Sons, 605 Third Ave., New York, NY 10016.1981.388 pp. 13.3 X 25 
cm. Price $17.50. 
Pharmaceutical calculations continues to be one of the most frwtrating 


subjects to teach in any pharmacy curriculum. The complete accuracy 


required in answering many problems, the mixing of different metrology 
systems, the frequent use of conversions, and the simultaneous intro- 
duction of pharmaceutical terminology confound many students. This 
ongoing dilemma has resulted in pharmaceutical calculations being 
taught and evaluated in a variety of ways a t  different schools of pharmacy. 
No single textbook can solve the distress frequently associated with 
calculations, but Joel Zatz’s second edition goes a long way to making it 
all more bearable. 


The book is longer than the first edition by 77 pages because it now has 
an appendix containing instruction and problems on temperature con- 
version, alcohol proof strength, and sodium chloride equivalents in ad- 
dition to the inclusion of alligation and a greatly expanded section on 
milliequivalents. 


The cover of the book describes the structure of the text succinctly: 
“The progression of topics within each chapter and in the overall struc- 
ture of the book constitutes a programmed format that permits self-paced 
learning and builds upon previously learned concepts to reinforce un- 
derstanding. Studtnts participate actively and are able to concentrate 
on calculations that are most difficult for them. Emphasis is on practical 
approaches to meeting accuracy requirements in filling prescriptions and 
manufacturing.” 


This book is designed to fit into the usual first general pharmacy course, 
to serve as a text in a calculations course or as a self-instruction t ex t  apart 
from the formal classroom, or to be an aid for review, and it does all of 
these well. 


It is difficult to find much about the text to criticize. About all one can 
say is that it does not contain a section on commercial arithmetic which 
some instructors prefer to include in their course, and there are a few 
prescription problems for oral preparations containing amaranth (Red 
No. 2) which was banned in time to have been deleted from the new 
edition. 


In conclusion, while working examples from the text, the reviewer finds 
it refreshing to solve for “j” (for Joel?) rather than to always hunt for the 
usual unknown “x.” 


Heoiewed by E. Roy Hammarlund 
School of Pharmacy 
Department of Pharmaceutics 
Uniuersity of Washington 
Seattle, WA 98195 
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The method does not measure dissolution of a pharmacologically active 
ingredient or any other ingredient in the solid dosage form. 


With minor detector modifications, this method should contribute 
significantly in the evaluation of viscosity gradients and sedimentation 
rates in heterogeneous dosage forms. 
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Interaction of Tablet Disintegrants and Magnesium 
Stearate during Mixing I: Effect on 
Tablet Disintegration 
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Abstract 0 The effect of magnesium stearate on the disintegration of 
tablets was studied. Three different preblends, containing a slightly or 
a strongly swelling disintegrant, were mixed before compression with 
magnesium stearate for different time periods. The results show that a 
strongly swelling disintegrant, such as sodium starch glycolate in contrast 
to potato starch, can reduce the deteriorating effect of hydrophobic lu- 
bricants on tablet disintegration. However, the interaction between 
magnesium stearate and potato starch or sodium starch glycolate and 
the resulting differences in disintegration characteristics can be masked 
by the use of disks in the USP disintegration apparatus. 


Keyphrases Tablets-disintegration, effect of magnesium stearate 
during mixing Magnesium stearate-effect on tablet disintegration 
during mixing 0 Disintegration-tablets, effect of magnesium stearate 
during mixing 


Previous work (1,2) showed that magnesium stearate 
can have a strong negative effect on binding properties of 
tablet excipients. The phenomenon of decreasing crushing 
strength with increasing mixing time is caused by the 
formation of a lubricant film interfering with particle 
binding. The lubricant film is a result of adhesion to the 
substrate of magnesium stearate molecules, which are 
sheared off mechanically from the magnesium crystals 
during mixing (1-4). The formation of such a hydrophobic 
film can dramatically decrease the wettability of a powder 
mix, as was shown for sodium chloride-magnesium stea- 
rate blends (4). Thus, the deteriorating effect of hydro- 
phobic lubricants on tablet disintegration is not only de- 
pendent on the nature and concentration of the lubricant 
used (5-11) but also on the mixing intensity of the tablet 
ingredients with the lubricants (12,13). 


The present study concerned the effect of magnesium 
stearate on tablet disintegration. Three different pre- 
blends, containing a slightly or a strongly swelling disin- 


tegrant, were mixed before compression with magnesium 
stearate for different time periods. Particular attention was 
focused on the effect of disks in the USP disintegration 
apparatus. 


EXPERIMENTAL 


Materials-The disintegrants used were dried potato starch’ (mois- 
ture content -8%) and sodium starch glycolate2 NF XV. The other ex- 
cipients were unmilled dibasic calcium phosphate dihydrate3, extra-fine 
crystalline lactose‘, aspirin6 (crystalline acetylsalicylic acid), and mag- 
nesium stearatee. 


Methods-Mixing-Preblends of filler and disintegrants were pre- 
pared by mixing7 the excipients for 15 min, using glass vessels with a 
loading of -20%. If not stated otherwise, the rotation speed was 90 rpm. 
After addition of 0.5% magnesium stearate, mixing was continued for a 
specified period. 


Tablet Compression-Tablets were prepared by introducing manually 
520.8 mg of the blend containing sodium starch glycolate or 625 mg of 
the blend containing potato starch into a prelubricated 13-mm die of a 
compression device mounted between the plattens of an instrumented 
hydraulic presss. The samples were compressed at  a compression force 
of 20 kN with a loading rate of 2 kN/sec. 


Crushing Strength-The crushing strength of the tablets was deter- 
mined immediately after compression using a motorized instrumentg. 
The data given are the means of a t  least five tablets. 


Disintegration time-The disintegration time of the tablets was de- 
termined using the USP XIX apparatus. If not stated otherwise, the test 
was performed without disks. The data given are the means of the dis- 


~~ ~~ 


Avebe G. A,, Veendam, The Netherlands. 
Primojel, Avebe G. A., Veendam, The Netherlands. 
Emcompress, Edward Mendell Co., New York, N.Y. 
Lactose EFC, N. V. Hollandse Melksuikerfabriek, Uitgeest, The Nether- 


Feinkristallin (40-mesh USP), Bayer, Leverkusen, West Germany. 
Ph. Ned. grade, Lamers en Indemans’s-Hertogenbosch, The Netherlands. 


Hydro Mooi, Appingedam, The Netherlands. 
Heberlein model WTP-3, Dr. K. Schleuniger, Zurich, Switzerland. 


lands. 


’ Turbula mixer model ZP, W.A. Bachofen, Basel, Switzerland. 
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Table I-Effect of Mixing a with Magnesium Stearate on Properties of Tablets from Aspirin with Potato Starch or Sodium Starch 
Glycolate 


Mixing Time 
with Magnesium 


Stearate. min 


20% Potato Starch 
Disintegration Crushing 


Time. sec Strength, kg 


4% Sodium Starch Glycolate 
Disintegration Crushing 


Time, sec Strength, kg - -  -~ 


0 6 4.7 20 5.7 
2 24 co.1 15 2.8 
5 50 <0.1 16 2.3 


30 55 <0.1 30 2.5 


a A 0-min mixing time means no lubricant was added. 


Table 11-Effect of Mixing 8 with Magnesium Stearate on Properties of Tablets from Dibasic Calcium Phosphate Dihydrate with 
Potato Starch or  Sodium Starch Glycolate 


Mixirig Time 
with Mamesium 


20% Potato Starch 
Disintegration Crushing 


4% Sodium Starch Glycolate 
Disintegration Crushing ... 1 


Stearate, min Time, sec Strength,kg Time, sec Strength, kg 


0 10 9.1 5 5.9 
3 15 5.6 8 5.5 - 
5 
30 


-- 
825 


>1800 


-.. 


4.5 
4.2 


13 
56 


5.0 
5.2 


a A 0-min mixing time means no lubricant was added. 


Table 111-Effect of Mixing. with Magnesium Stearate on Properties of Tablets from Lactose with Potato Starch or  Sodium Starch 
Glycolate 


Mixing Time 
with Magnesium 


Stearate, min 


20% Potato Starch 4% Sodium Starch Glycolate 
Disintegration Crushing Disintegration Crushing 


Time, sec Strength, kg Time, sec Strength, kg 


0 
2 


22 
40 


5.5 
0.1 


16 
18 


4.5 
1.0 - 


5 125 <0.1 21 0.9 
30 375 <0.1 26 0.4 


a A 0-min mixing time means no lubricant was added. 


integration time of six individual tablets. 


RESULTS AND DISCUSSION 


Table I gives the effect of mixing time for mixing filler-disintegrant 
preblends with 0.5% magnesium stearate on both disintegration time and 
crushing strength of tablets compressed from aspirin with 20% potato 
starch or 4% sodium starch glycolate. The effect of mixing with magne- 
sium stearate on the crushing strength of tablets without disintegrant 
is given in Fig. 1. Since the aspirin tahlets showed only a slight decrease 
in crushing strength (from 4.5 to 3.2 kg) during 30 rnin of mixing with 


\ 


I I I I 


2 5 10 20 
MIXING TIME, min 


0 


Figure 1-Ci-ushing strength versus mixing time (log scale) for tablets 
of fillers without disintegrants with 0.5% magnesium stearate. Key: 0, 
aspirin; 0, dibasic calcium phosphate dihydrate; and A, lactose. 


magnesium stearate (Fig. l), the dramatic decrease (down to 0.1 kg with 
2 min of mixing) in crushing strength of the tablets containing 20% potato 
starch must be attributed to a strong interaction between potato starch 
and magnesium stearate. This finding is consistent with previous results 
(3) showing that lubricants can exercise a strong negative effect on the 
binding properties of starch and starch derivatives. 


In contrast to the decrease in crushing strength, the tablets showed 
a 10-fold increase in disintegration time after 5 min of mixing of the 
preblends with magnesium stearate. Since sodium starch glycolate is 
generally used in lower concentrations, the crushing strength of the as- 
pirin tablets containing only 4% of this disintegrant exhibited a smaller 
decrease than the tablets containing 20% potato starch (Table I). The 
tablets initially showed a slight decrease in disintegration time with in- 
creasing mixing time with magnesium stearate, followed by a slight in- 
crease to values that are relatively low (especially when crushing strength 
is considered) compared with those of the tablets containing potato 
starch. 


Table I1 shows the effect of mixing 0.5% magnesium stearate on tablets 
from dibasic calcium phosphate dihydrate with either 20% potato starch 
or 4% sodium starch glycolate. Since magnesium stearate hardly affected 
the binding properties of materials such as dibasic calcium phosphate 
dihydrate (Fig. l ) ,  which undergo complete fragmentation under com- 
pression (3), the decrease in crushing strength of the tablets containing 
disintegrant must be caused by an interaction of the lubricant with the 
disintegrant. 


Like the aspirin tablets, the dibasic calcium phosphate dihydrate 
tablets showed an increase in disintegration time with increasing mixing 
time with magnesium stearate. The most pronounced increase in disin- 
tegration time was exhibited by tablets containing 20% potato starch 
(Table 11). 


The lactose tablets showed an extremely strong decrease in crushing 
strength with an increase in mixing time of the blend with magnesium 
stearate (Table 111). This result may be due to the effect of lubricant on 
the binding properties of both lactose (Fig. 1) and the disintegrants. A 
strong increase in disintegration time, which is consistent with the other 
results, was found for tablets with 20% potato starch; tablets with 4% 
sodium starch glycolate maintained fast disintegration, even when the 
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Table IV-Effect of Mixing Velocity during Mixing* with Magnesium Stearate on Disintegration Time of Tablets from Dibasic 
Calcium Phosphate Dihydrate with 20% Potato Starch or 4% Sodium Starch Glycolate 


Disintegration Time, sec 
Mixing Time 20% Potato Starch 4% Sodium Starch Glycolate 


with Magnesium Mixing Velocity Mixing Velocity Mixing Velocity Mixing Velocity 
Stearate, min of 65 rpm of 90 rpm of 65 rpm of 90 rpm 


0 
2 
5 


10 
30 


10 10 
13 15 
21 825 


325 >1800 
>MOO > B O O  


5 
7 
9 


11 
14 


5 
8 


13 
20 
56 


~ 


a A 0-min mixing time means no lubricant was added. 


Table V-Effect of Mixing" with Magnesium Stearate on Disintegration Time, Measured without and with Disks, of Tablets from 
Dibasic Calcium Phosphate Dihydrate with 20% Potato Starch or 4% Sodium Starch Glycolate 


Mixing Time 
with Magnesium 


Stearate. min 


Disintegration Time, sec 
20% Potato Starch 4% Sodium Starch Glycolate 


Without disk With disk Without disk With disk 


0 10 8 5 4 


5 825 37 13 11 
10 > 1800 65 20 11 


2 15 15 8 8 


30 >1800 90 56 13 


a A 0-min mixing time means no lubricant was added. 


tablet blend had been mixed for 30 min with magnesium stearate. 
These results indicate that all increases in tablet disintegration time 


must be caused by the formation of a lubricant film on substrate particles 
of magnesium stearate molecules during mixing. As expected from pre- 
vious work (2), the deleterious effect of magnesium stearate on disinte- 
gration time was dependent on mixing intensity. Table IV shows that the 
disintegration time of the dibasic calcium phosphate dihydrate tablets 
with 20% potato starch after 5 min of mixing with lubricant decreased 
from 825 to 21 sec when the velocity of the mixer decreased from 90 to 
65 rpm. Tablets with 4% sodium starch glycolate acquired a still shorter 
disintegration time when mixing intensity decreased. 


The remarkable difference in effect of mixing the preblends containing 
potato starch or sodium starch glycolate with magnesium stearate on 
tablet disintegration must be attributed to the difference in disintegration 
behavior of these materials. The hydrophobic magnesium stearate film 
formed during mixing will have a negative effect on the wettability of the 
tablet ingredient particles and, therefore, retard water penetration into 
the tablets. Since a complete coating of lubricant is not formed during 
mixing (12), the lubricant film will not be perfect and water will enter the 
disintegrant particles. Since sodium starch glycolate particles, in contrast 
to potato starch particles, swell extensively when brought in contact with 
water (141, it may be assumed that a small amount of water can already 
destroy the hydrophobic lubricant film. Microscopic examination of lu- 
bricated sodium starch glycolate particles confirmed that the particles 
bulge when brought into water. However, the swelling of potato starch 
may be insufficient to collapse the lubricant film on the disintegrant 
particles. 


The disintegration times given in Tables I-IV refer to the method 
described in USP XIX but without disks. Table V gives the effect of the 
disks on the disintegration times obtained. The results show that the 
deleterious effect of magnesium stearate on the disintegration time of 
dibasic calcium phosphate dihydrate tablets can largely be masked by 
the disks. 


The differences in disintegration time obtained with and without disks 
are likely due to the mechanical damage of the lubricant film during the 


disintegration test by the disks used, so that water can penetrate even 
the lubricant-coated, slightly swelling, potato starch particles. 


These results prove that the use of disks in the USP disintegration 
apparatus can mask differences in tablet formulation (15,16) as well as 
differences in preparation conditions such as mixing intensity. 
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alizing buffer solution. During remineralization, water, calcium, and 
phosphate diffuse through the cellulose film and through a region im- 
mediately adjacent to the tooth surface, which contains the micronized 
powders. Therefore, calcium and phosphate ions were supplied from both 
the buffer and the dissolution of these powders, while fluoride was sup- 
plied directly from the dissolution of I. The higher diffusivity of ions 
through the cellulose film and the lack of a polymer network on the tooth 
surface would be expected to lead to much more remineralization by 
Device B than was accomplished using Device A. Figure 5 shows the 
fluoride concentration profiles measured in the teeth remineralized with 
Device B. The results were considerably higher ( 1 ~ 2 0 o O  ppm at depths 
as great as 40-50 pm) than the results obtained with Device A (<300 
ppm). Furthermore, Device B containing only I was more effective in 
remineralizing the teeth than was Device B containing the 1-11 mixture, 
implying that calcium and phosphate readily diffused through the film 
from the solution. 


The fluoride concentration profile of teeth remineralized in saliva in- 
stead of the buffer solution are shown in Fig. 5. The results were almost 
the same as those obtained from remineralization in the remineralizing 
buffer solution. As was the case when remineralizing with buffer solutions, 
the system containing I was much better than the 1-11 mixture. Even in 
saliva, an appreciable fluoride concentration was achieved using Device 
B. 


DISCUSSION 


The results obtained with Device B show that satisfactory remineral- 
ization occurred when I was held in proximity to the tooth surface for 24 
hr. These initial experiments with Device A, a prototype of a practical 
means for holding I near the tooth surface, show that the main problem 
to overcome is to find a polymer film that adheres to the tooth and from 
which I is released rapidly. 


Since these studies showed that remineralization can be achieved in 
the model systems using bovine teeth, it then was verified that human 
teeth respond in similar manner (4,5). These studies provide justification 


for proceeding in the development of the appropriate polymer system 
for use with Device A. 


SUMMARY 


Delivery Device A, a possible prototype of a clinically feasible remin- 
eralization system, was not successful with the polymer systems studied. 
In each case, the film permeability was not high enough for ions to pen- 
etrate a t  a sufficient rate. 


Delivery Device B, while not practical for clinical use, had a much 
higher permeability to ions than did Device A and was used to simulate 
behavior that might be expected from Device A if a more permeable film 
could be developed. Device B was quite effective in remineralizing teeth, 
yielding fluoride levels of -1000 ppm at  depths up to 50 pm, euen in sa- 
liva. Calcium fluoride alone gave better results than the 1-11 mixtures 
studied. 


These results imply that a practical clinical remineralization procedure 
based on Device A is feasible, with the primary problem being develop- 
ment of a suitable polymer film. 
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Abstract A recently conceived calcium fluoride-containing reminer- 
alization system was tested using human teeth in uitro. The influence 
of several variables (surface pretreatment, demineralization time, and 
remineralization time) was studied. Appreciable levels of fluoride taken 
up by pumiced human teeth were found at  depths up to 50 pm when 
remineralization was carried out in either the remineralizing solution or 
saliva. The successful performance of the delivery device in these labo- 
ratory studies is encouraging and indicates that the logical evolution of 
the crude devices studied thus far could lead to clinically practical fluoride 
delivery devices. 


Keyphrases 0 Delivery devices-fluoride, remineralization of human 
teeth in uitro, effect of surface treatment on remineralization Fluo- 
ride-delivery devices for remineralization of human teeth in uitro, effect 
of surface treatment on remineralization 0 Remineralization-human 
teeth in uitro, fluoride delivery devices, effect of surface treatment on 
remineralization 0 Teeth, human-remineralization in uitro using flu- 
oride delivery devices, effect of surface treatment on remineralization 


As a result of in vitro studies demonstrating the effec- 
tiveness of a controlled demineralization pretreatment in 
enhancing subsequent fluoride remineralization (l), in- 


vestigations recently were initiated to develop techniques 
for a practical clinical remineralization procedure. In the 
previous study, Yonese et al. (2) worked with a delivery 
device that was capable of physically holding particles of 
calcium fluoride (I) adjacent to the tooth surface while 
remaining permeable to calcium, phosphate, and fluoride 
ions as well as water. This device was capable of depositing 
high levels of fluoride (1000-2000 ppm) a t  depths of up to 
50 pm, using bovine enamel as a test substrate. 


This paper demonstrates the effectiveness of deminer- 
alization-remineralization for human teeth and examines 
additional variables that are clinically relevant but that 
were not studied with the bovine teeth. 


EXPERIMENTAL 


Human teeth removed for orthodontic reasons were obtained from 
dentists in the Chicago area. 


The buffer solutions used for demineralization and remineralization 
were prepared as described previously (2). The demineralizing solution 
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consisted of an acetate buffer solution 16% saturated with respect to the 
thermodynamic solubility of hydroxyapatite (0.1 M acetate buffer con- 
taining 3.5 mM calcium and phosphate, adjusted to pH 4.5 by the addi- 
tion of sodium hydroxide and to an ionic strength of 0.5 by the addition 
of sodium chloride). The remineralizing solution also was 0.1 M acetate 
buffer adjusted to pH 4.5 with an ionic strength of 0.5 M, but it contained 
12 mM calcium and phosphate and 10 ppm of fluoride. All chemicals used 
in the buffers were reagent grade, and all water was distilled twice. 


Dialysis bags' were used for the cellulose film in fabricating the fluoride 
delivery device. 


The experimental procedures were similar to those reported previously 
(2). In these experiments, the fluoride delivery device was a cellulose film 
that physically held calcium fluoride (I) or a mixture of I and dicalcium 
phosphate dihydrate (11) against the tooth surface (Device B). 


Teeth surfaces were conditioned in one of two ways. They were ground 
with rotating sandpaper (No. 400 first, followed by No. 600) to remove 
pellicle, or they were pumiced with a non-fluoride-containing pumice. 


Prior to remineralization, the tooth received the following pretreat- 
ment. The tooth surface was covered by a dental inlay wax2 except for 
a 0.25-cm2 area on the front surface. Then the tooth was demineralized 
in 10 ml of the 16% partially saturated buffer solution for 0-48 hr while 
being shaken gently with a wrist-action shaker. The solution was kept 
a t  30 f 0.lo. The extent of demineralization was assessed by measure- 
ment of the amount of phosphate dissolved. 


The fluoride delivery device was attached to the tooth surface prior 
to remineralization as follows. Calcium fluoride, sieved by a 270-mesh 
sieve (52-pm openings), was spread evenly on the tooth surface and 
covered by a cellulose film (0.2 cm2 in area), the periphery of which was 
fixed in place by adhesive3. The teeth with the device attached were 
remineralized for 24-72 hr in the remineralizing buffer or in saliva. Details 
of the remineralization procedure were elaborated in the previous paper 
(2). 


All experiments were done in duplicate except where noted, and the 
two trials generally were within 10-15% of each other. Results of one of 
the two are presented for clarity in the figures. 


The fluoride delivery device was peeled off carefully from the adhesive 
to avoid damaging the tooth surface. Then the tooth surface was washed 
with water to remove the particles of I. The teeth were etched in 1 ml of 
0.5 M HC104 in a small glass tube without stirring for successive intervals 
of 30,60,120,200, and 200 sec. The etched surface was washed with 1 ml 
of water after each etching step. Concentrations of phosphate, fluoride, 
and calcium 45 in the etching solution were analyzed in the same manner 
as reported previously (2). 


RESULTS 


Effect of Pellicle on Remineralization-In the previous experi- 
ments, bovine teeth were ground by rotating a fine sandpaper so as to 
remove the pellicle completely. However, during in uivo application of 
a clinically practical anticaries treatment, the pellicle might not be as 
readily removable. Therefore, the effects of the pellicle on demineral- 
ization and remineralization were investigated. 


To test for a possible pellicle effect, one of three types of surface con- 
ditioning (grinding, pumicing, or simply washing) was done prior to de- 
mineralization. The conditioned tooth was demineralized in 16% partially 
saturated acetate buffer solution for 0-24 hr and then remineralized in 
the remineralizing solution. The fluoride delivery device was not used 
in this experiment. 


Figure 1 shows the fluoride concentration profiles obtained for both 
ground and pumiced teeth. After grinding, the tooth demineralized for 
2 hr had a high fluoride uptake while that of the nondemineralized tooth 
was much lower. The results were similar to those obtained previously 
with ground bovine teeth. The molar ratio of calcium 45 to fluoride uptake 
was near the value of 5.0 expected for completely fluoridated hydroxy- 
apatite. For the pumiced teeth, however, the fluoride concentration 
profiles attained after demineralization-remineralization were lower and 
at  about the same level as for the nondemineralized ground tooth. Thus, 
the type of surface conditioning greatly affected the degree of reminer- 
alization. 


Figure 2 shows the cumulative fluoride uptake from the surface to a 
depth of -80 pm as a function of the duration of demineralization. The 
fluoride uptake of both ground and pumiced teeth increased with the 


Spectrum Medical Industries, Los Angeles, Calif. 
Ivory inlay casting wax, Kerr Sybron Co. 
Endur M, Ormco Co. 


E 
a 
i 
0 


P 
8 0 0 0 F ' - ' 1  


t I  


. .  


0 20 40 60 80 100 
DEPTH, pm 


Figure 1-Fluoride concentration profiles of ground and pumiced 
human teeth remineralized in buffer solution. Key: - * - -, Dz-Rz4, 
ground teeth; - - -, DwR24, ground teeth; - - -, D24-R24, pumiced 
teeth; -, D16.5-R24, pumiced teeth; and -. - - - ., DFR24, pumiced 
teeth. D and R represent demineralization and remineralization, re- 
spectiuely, and the lower subscripts represent the time in hours. 


duration of demineralization, and the levels attained in the ground teeth 
were much greater than in the pumiced teeth. 


Remineralization with Device B in Buffer  Solution-Extrapola- 
tion of the data for the pumiced teeth in Fig. 2 suggests that  prior de- 
mineralization for -48 hr might be necessary to attain fluoride levels in 
pumiced teeth comparable to the levels attained in ground teeth de- 
mineralized for only 2 hr prior to remineralization. Therefore, all pumiced 
human teeth in these experiments were demineralized for 48 hr to achieve 
appreciable fluoride uptake. Figure 3 shows the fluoride concentration 
profiles of these pumiced human teeth after application of Device B 
containing only I. These teeth were remineralized for 24-72 hr in the 
acetate buffer. The fluoride concentrations in these teeth were 1000-2000 
ppm a t  depths as great as 40 pm. 


Figure 4 shows the cumulative fluoride uptake from the surface to 
about an 80-pm depth as a function of the remineralization time after 
application of Device B containing I or I and I1 (1:6). The device con- 
taining I alone appeared to be marginally more effective than the device 
containing 1-11. Furthermore, fluoride uptake was almost independent 
of the duration of remineralization; a plateau was achieved after -24 hr 
of remineralization, as in the previous study using bovine teeth (2). 


As the next step in the approach to the in uivo situation, reminerali- 
zation was carried out in saliva. The fluoride uptake concentration pro- 
files of teeth remineralized in saliva are shown in Fig. 5. The fluoride 
uptake by the tooth remineralized for only 4 hr was very low, as expected. 
However, the teeth remineralized for 48 hr had fairly high fluoride levels 
up to a depth of -50 pm. 


0 10 20 30 
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Figure 2-Influence of surface treatment on cumulatiue fluoride up- 
take of human teeth demineralized for different time interuals. Key: 
0 ,  ground; and A, pumiced. 
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Figure 3-Fluoride concentration profiles of pumiced human tee th  
treated with Device B containing calcium fluoride. Key: -, D48-Rn; 
-...- , D48-R48; and - -  - --, D48-R24. 


To determine whether loosely bound material at the tooth surface af- 
fects the interpretation of results, a tooth was brushed with a soft 
toothbrush4 after remineralization (Fig. 5). The concentration peak seen 
a t  a depth of 5-20 pm in nonbrushed teeth was not present after brushing, 
implying that some relatively loose material may have been included in 
previous measurements of fluoride levels near the nonhrushed tooth 
surface. However, even in the brushed teeth, -lo00 ppm of fluoride was 
found a t  a depth of -50 pm. 


DISCUSSION 


Teeth used in this study were ground or pumiced prior to demineral- 
ization. A few trials also were conducted using teeth with no surface 
treatment and, therefore, with an intact pellicle. These teeth generally 
had poor fluoride uptake and considerably larger sample-to-sample 
variation and, therefore, were not studied further. Although ground teeth 
had much better fluoride uptake than pumiced teeth, the impracticality 
of grinding in a clinical setting also limited the number of experiments 
done with ground teeth. Furthermore, the length of prior demineraliza- 
tion of ground teeth was limited to only 2 hr because of the excessive loss 
of mineral occurring with longer demineralization times. 


l o t  


0 20 40 60 


REMINERALIZATION TIME, hr 


Figure 4-Cumulative fluoride uptake  of pumiced h u m a n  teeth re- 
mineralized for different t ime intervals with Device B. Each point 
represents Q single experiment. Key: a, D ~ B - R T ,  I d o n e ;  and A, D~E-RT,  
1-11, 
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Figure 5-Effect of brushing after remineralization on fluoride uptake 
of pumiced h u m a n  teeth with Device B in  saliua. Key: -, D ~ s - R ~ s ,  
nonbrushed; - - -, D48-R4~, brushed; and - . . -, D4gR4, nonbrushed. 


The studies conducted with Device B show that the remineralization 
approach used has promise. In  particular, the results show that remin- 
eralization is essentially complete after 24 hr of treatment and that ap- 
preciable fluoride levels are achieved a t  depths up to -50 pm. Further- 
more, the results are not greatly dependent on whether I alone or 1-11 is 
used. This finding may mean that there is considerable room to manip- 
ulate the formulation so that maximum efficiency of fluoride delivery 
is achieved. Although the mixture appeared to be slightly less effective 
in delivering fluoride than I alone, the efficiency was quite good (-3-5% 
of the total fluoride applied was deposited in the tooth). 


The experiments conducted with saliva were encouraging, showing that 
saliva can be exploited as a source of calcium and phosphate even though 
a physical barrier exists between saliva and the tooth surface. Further- 
more, this barrier prevents salivary proteins and other macromolecules 
from contacting the surface directly and possibly interfering with re- 
mineralization. 


SUMMARY 


Although the surface conditioning of a tooth affects both reminerali- 
zation and demineralization, human and bovine teeth have the same 
demineralization-remineralization behavior when the pellicle is removed 
by grinding. The degree of remineralization attainable increases in pro- 
portion to the amount of mineral removed during demineralization. 


Appreciable fluoride levels by pumiced human teeth with Device B 
attached were found at  depths of up to 50 pm when remineralization was 
carried out in either the remineralizing buffer solution or saliva. 


The salient features of the fluoride delivery system used in this study 
were the use of a relatively insoluble fluoride salt (I), which is inherently 
long acting and also provides a source for calcium as well as fluoride, and 
the provision for a relatively long contact time (24-48 hr) so that the low 
fluoride levels provided by I could be sustained. 


The successive performance of the delivery device in these laboratory 
studies is encouraging and indicates that the logical evolution of the crude 
devices studied thus far could likely lead to clinically practical fluoride 
delivery devices. Pilot i n  vivo studies (3) with Device B have already 
yielded results comparable to  those obtained in these in uitro experi- 
ments. 
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less than and greater than the given value. Thus, the me- 
dian parameters are selected by the user. Once selected, 
these intersection values are used to calculate predicted 
concentration values for each observed value. 


The performance of the DLP program is shown in the 
following example. Concentrations expected a t  time 0.5, 
1,1.5,2.0,3,4,5,10,12,14,16,20, and 24 hr were simulated 
for the biexponential equation: 


Ct = We-“& + 1&-Ow (Eq. 6) 


Error with a coefficient of variation of either 5 or 20?6 was 
randomly assigned to the simulated concentrations such 
that four of the 12 observations were affected by the larger 
error. The results are shown in Fig. 1. The program was 
used to strip the curve. Concentrations observed between 
10 and 24 hr were used for the &phase, and those between 
0.5 and 5 hr were used for the &-phase. The results of pa- 
rameter estimation using sequential regression (stripping) 
and the DLP method are shown in Table I. In this example, 
DLP produced better estimates of A and a (13.8 and 6.2% 


BOOKS 


error) than did sequential regression analysis (62.8 and 
31.2% error). Estimates of B and p were somewhat better 
using regression (1.2 and -2.5% error) than with the DLP 
method (13.8 and 6.2% error). The large errors made by 
regression analysis in estimating A and a indicate that 
DLP estimates for the entire curve were superior. 


The determination of the importance of the DLP 
method of parameter estimation in pharmacokinetics will 
require further experimentation. It is hoped that the de- 
scribed program will facilitate this process. 
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REVIEWS 


Introduction to Pharmaceutical  Dosage Forms. By HOWARD C. 
ANSEL. Lea & Febiger, Washington Square, Philadelphia, PA 19106. 
1981.408 pp. 18.5 X 26 cm. 
The format and presentation of this third edition are the same as in 


the previous one, but the material has been revised to the current official 
compendia. The book is intended “to introduce the beginning pharmacy 
students to medicinal and pharmaceutic substances, the methods of their 
incorporation into pharmaceutical dosage forms, and the utilization of 
these forms in patient care.” 


The discussions on heritage, terminology, code of ethics, regulations, 
and drug substances should satisfactorily orient beginning students in 
their first professional course in pharmacy. The appendix defines drug 
categories and discusses measurements, and tables of official preparations 
are given. Pharmaceutical products are logically treated from the view- 
point of administration route, and the classes of pharmaceutical prepa- 
rations also are discussed. Numerous photographs illustrate equipment, 
processing, and packaging. 


However, the presentation of dosage form design in terms of bio- 
pharmacy, formulation, and practice is inadequate. Whether the cur- 
riculum of a college is arranged to present a preparations-physical 
pharmacy sequence or a technology series of courses, the scope of this text 
restricts i t s  use to an orientation course because of i t s  superficial pre- 
sentation of theory and pharmacy principles and limited discussion of 
techniques and manufacturing principles. 


Reuiewed by Eugene I,. Parrott 
College of Pharmacy 
Uniuersity of Iowa 
Iowa City, I A  52242 


Pharmaceutical Calculations, 2nd Ed. By JOEL L. ZATZ. John Wiley 
&Sons, 605 Third Ave., New York, NY 10016.1981.388 pp. 13.3 X 25 
cm. Price $17.50. 
Pharmaceutical calculations continues to be one of the most frwtrating 


subjects to teach in any pharmacy curriculum. The complete accuracy 


required in answering many problems, the mixing of different metrology 
systems, the frequent use of conversions, and the simultaneous intro- 
duction of pharmaceutical terminology confound many students. This 
ongoing dilemma has resulted in pharmaceutical calculations being 
taught and evaluated in a variety of ways a t  different schools of pharmacy. 
No single textbook can solve the distress frequently associated with 
calculations, but Joel Zatz’s second edition goes a long way to making it 
all more bearable. 


The book is longer than the first edition by 77 pages because it now has 
an appendix containing instruction and problems on temperature con- 
version, alcohol proof strength, and sodium chloride equivalents in ad- 
dition to the inclusion of alligation and a greatly expanded section on 
milliequivalents. 


The cover of the book describes the structure of the text succinctly: 
“The progression of topics within each chapter and in the overall struc- 
ture of the book constitutes a programmed format that permits self-paced 
learning and builds upon previously learned concepts to reinforce un- 
derstanding. Studtnts participate actively and are able to concentrate 
on calculations that are most difficult for them. Emphasis is on practical 
approaches to meeting accuracy requirements in filling prescriptions and 
manufacturing.” 


This book is designed to fit into the usual first general pharmacy course, 
to serve as a text in a calculations course or as a self-instruction t ex t  apart 
from the formal classroom, or to be an aid for review, and it does all of 
these well. 


It is difficult to find much about the text to criticize. About all one can 
say is that it does not contain a section on commercial arithmetic which 
some instructors prefer to include in their course, and there are a few 
prescription problems for oral preparations containing amaranth (Red 
No. 2) which was banned in time to have been deleted from the new 
edition. 


In conclusion, while working examples from the text, the reviewer finds 
it refreshing to solve for “j” (for Joel?) rather than to always hunt for the 
usual unknown “x.” 


Heoiewed by E. Roy Hammarlund 
School of Pharmacy 
Department of Pharmaceutics 
Uniuersity of Washington 
Seattle, WA 98195 
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Abstract 0 Large variations in dissolution rate behavior of cholesterol 
monohydrate pellets may result from small changes in experimental 
procedures. For example, when cholesterol monohydrate pellets were 
stored overnight prior to a dissolution run, the initial dissolution rates 
varied by more than a factor of 2. It is well known that cholesterol 
monohydrate is converted to anhydrous cholesterol; cholesterol may be 
unstable toward light, heat, and other radiation in the presence of air, 
leading to its decomposition. To determine the cause of the variable 
dissolution rates, experiments were conducted with pellets “aged” under 
various conditions. The data show that the probable cause of the varia- 
tions is the pellet surface conversion of the monohydrate to anhydrous 
cholesterol, which may take place during pellet storage. The combined 
effects of temperature and humidity seem to be important. A uniform 
experimental procedure is needed if investigators hope to reproduce re- 
sults within their own laboratories as well as reproduce the findings of 
others. 


Keyphrases Cholesterol-dissolution rate behavior in bile acid so- 
lutions 0 Dissolution-rate behavior of cholesterol in bile acid solutions 


Gallstones-cholesterol, dissolution rate behavior in bile acid solu- 
tions 


Cholesterol monohydrate has been used as a model 
substance in gallstone dissolution research (1). In earlier 
work in this laboratory, it was noticed that small changes 
in the experimental procedure resulted in significant 
variations in the dissolution rate behavior of cholesterol 
pellets. In some experiments when the pellet was stored 
overnight at  3 5 O  prior to a dissolution run, the initial dis- 
solution rate was two to three times greater than the dis- 
solution rate of freshly made pellets. Since it is desirable 
to limit the variations to -10-15% in many mechanistic 
studies on cholesterol dissolution kinetics (14,  the cause 
of dissolution rate variability was investigated. 


EXPERIMENTAL 


Initially, the static-disk dissolution method was used, while the more 
quantitative rotating-disk dissolution method was used in the later 
analysis. The experimental procedures were described previously (5). 
All dissolution rate experiments were run at  37O in 5% sodium cbolate 
and 0.1 M phosphate buffer a t  pH 8.00. 


Pellets of radiolabeled cholesterol were prepared as described previ- 
ously (5). Pellets placed in the dissolution cell without solvent for varying 
times at ambient (room) humidity or humidity of <loo% at 35O will be 
referred to as aged pellets. The pellets kept a t  100% humidity a t  ambient 
temperature for 24 hr will be referred to as normal pellets. This latter 


treatment was shown to give the same dissolution rate as that of freshly 
made pellets. 


One hundred percent humidity containers were prepared by adding 
water to a desiccator until it completely filled the area under the plate. 
The other constant-humidity chambers were prepared by making satu- 
rated aqueous solutions (6) of 80% sodium bromide and of 40% calcium 
chloride which then were placed in an oven at  35’. 


RESULTS AND DISCUSSION 


Static-Disk Apparatus-When small changes in the normal exper- 
imental procedure were introduced, significant differences in dissolution 
behavior resulted (Fig. 1 and Table I). Figure 2 shows the effects of ex- 
posing the pellets to ambient humidity at 35O for varying periods (aging). 
The normally treated pellet and the pellet aged for 1 hr gave the same 
dissolution rate as well as the same dissolution pattern (linear). However, 
aging the pellet for 12 or 24 hr markedly increased the initial dissolution 
rate (Table 11). After a few hours of dissolution, these pellets showed a 
definite curvature in their dissolution profiles. 


Figure 3 shows the effects of varying the humidity as well as varying 
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Figure -Effect of pellet handling on the dissolution of choles rol 
pellets at 150 rpm in 5% sodium cholate and 0.1 M phosphate buffer 
at pH 8.00. Key: 0, normally prepared pellets; and 0, aged pellets. 
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Table I-Dissolution Rates of Cholesterol Pellets as a Function 
of Treatment in 5 %  Sodium Cholate and 0.1 M Phosphate Buffer 
at pH 8.00 * 


Prerun 
Humidity, Prerun J lA  X lo4, 


% Temperature mglsec-cm2 


100 Ambient 0.73 
Ambient 35O 1.40 


(I The prerun time in the setup was 24 hr, and there was no subsequent treat- 
ment. 


Table 11-Dissolution Rates of Cholesterol Pellets as a Function 
of Treatment in 5% Sodium Cholate and 0.1 M Phosphate Buffer 
at pH 8.00 a 


Prerun Time Prerun Prerun JlA X lo4, 
in Setup, hr Humidity, % Temperature mg/sec-cm* 


24 100 Ambient 0.73 
1 Ambient 35" ' 0.73 


12 Ambient 35" 1.40 
24 Ambient 35" 1.40 


There was no subsequent treatment. 


the exposure time. All pellets exposed to <loo% humidity a t  35' for 12 
or 24 hr had an initial dissolution rate greater than that of the normally 
treated pellet. Table 111 summarizes the dissolution rates as a function 
of time and humidity. 


At this point, it was felt that these results could be due to either de- 
hydration of cholesterol monohydrate or to chemical decomposition 
(oxidation) of cholesterol. Bergstrom and Wintersteiner (7) showed that 
cholesterol in colloidal aqueous dispersions is attacked easily by oxygen. 
Weiner and coworkers (8-10) showed that monomolecular films also 
undergo autoxidation under different conditions. Dauben and Payot (11) 
showed that I4C-labeled cholesterol is unstable when stored in the 
presence of air. They found that the decomposition required both ra- 
diation and oxygen since unlabeled cholesterol was stable in air when 
stored under the same conditions and labeled material was stable when 
stored in uacuo. Thus, several factors are involved oxygen concentration, 
wavelength of light, storage temperature, and surface area of the cho- 
lesterol sample. Cholesterol monohydrate is known to be converted to 
anhydrous cholesterol (12), although this conversion generally occurs at 
elevated temperatures (80-100" ). 


To determine the effects of temperature, humidity, and light on cho- 
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Figure 2-Effect of pellet handling on the dissolution of cholesterol 
pellets a t  150 r p m  in 5% sodium cholate and 0.2 M phosphate buffer 
at pH 8.00. Key: 0, normally prepared pellets; A, aged pellets for I hr; 
D, aged pellets for 12 hr; and e, aged pealets for 24 hr. 
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Figure 3-Effect of pellet handling on the dissolution of cholesterol 
pellets a t  150 r p m  in 5% sodium cholate and 0.1 M phosphate buffer 
at p H  8.00. Key: 0, normally treated pellets; 0, aged pellets for 12 hr 
at 40% humidity; A, aged pellets for 24 hr a t  40% humidity; V, aged 
pellets for  12 hr a t  80% humidity; 0, aged pellets for 24 hr at 80% hu- 
midity; and 0 ,  aged pellets for  24 hr  a t  0% humidity.  All pellets were 
aged at 35". 


lesterol dissolution, a series of experiments was run in the static-disk 
apparatus. By varying temperature and humidity and running the ex- 
periments in the presence and absence of room light, the contribution 
of each variable to the change in dissolution behavior was assessed. The 
effects of the variables a t  100% humidity were relatively small, if any 
(Table IV). However, at ambient humidity, the effects on the dissolution 
rate of raising the temperature to 35" were large (dissolution rates varied 
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Figure 4-Effect of pellet treatment on  the dissolution rate of choles- 
terol in 5% sodium cholate and 0.1 M phosphate buffer at pH 8.00. Key: 
A, normal pellet; 0, aged pellet (ambient humidity at 3 5 O  for 24 hr); and 
a, soaked pellet. (Pellets were aged, followed by soaking i n  double- 
distilled water a t  37" for 24 hr.) 
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Table 111-Dissolution Rates of Cholesterol Pellets as a 
Function of Treatment in 5 %  Sodium Cholate and 0.1 M 
PhosDhate Buffer at DH 8.00 


0.10.- 


0.08.. 
E 


I 
z 
E“ 0.06 


. 
0 


0 


X 


5 


- 
0.04- 


3 


0.02- 


3 0.3 - 


0.3 0.6 0.9 1.2 1.6 
- 


0 
cb, mgiml 


Figure 5-Dissolution rate versus bulk concentration for normal pellets 
in 5% sodium cholate and 0.1 M phosphate buffer at pH 8.00. Key: 0, 
20 rpm; 0 , 5 0  rpm; 0 , 1 5 0  rpm; and 0 ,450  rpm. Each JIA value is an 
average of two experiments. Since the typical variations are 15--10% 
for these results, which are too small to be seen, only the average values 
are presented here and in Figs. 6-10. 


by approximately two times). Therefore, the combined effect of humidity 
and temperature appeared to be the primary cause for the aging ef- 
fect. 


Because it was felt that pellet aging might lead to cholesterol decom- 
position, samples of bile acid-cholesterol solutions were spotted onto TLC 
plates. These samples were obtained during the first 30 min of actual 
dissolution experiments; if decomposition products were causing the large 
rate of dissolution, it would be possible to determine this by TLC. The 
plates then were placed into a tank with acetic acid-carbon tetrachlo- 
ride-isopropyl ether-isoamylacetate-n-propanol-benzene (520:30 
401010) as the solvent (13). Good separation of the bile acids and cho- 


cb, mg/ml 


Figure 6-Dissolution rate versus bulk concentration for aged pellets 
in 5% sodium cholate and 0.1 M phosphate buffer at pH 8.00. Key: 0, 
20 rpm; 0 , 5 0  rpm; 0 , 1 5 0  rpm; and 0 ,450  rpm. 


\ X I  


cb, rng/ml 


Figure 7-Dissolution rate versus bulk concentration for soaked pellets 
in 5% sodium cholate, and 0.1 Mphosphate buffer at pH8.00. Key: 0,  
20 rpm; @, 50 rpm; 0,150 rpm; and 0 ,450  rpm. 


Prerun Time Prerun Prerun J / A  X 104, 
in Setup, hr Humidity, % Temperature mg/sec-cm2 


24 
12 
24 
12 


100 
40 
40 


Ambient 0.73 
35O 1.20 
35O 1.20 


80 35O 1.20 
24 80 35O 1.20 
24 0 35O 1.39 


There was no subsequent treatment. 


Table IV-Dissolution Rates of Cholesterol as a Function of 
Humidity, Light, and Temperature 


Prerun 
Time 


Number of Humidity, Temper- in Setup, J / A  X I@, 
Experiments % Light ature hr mg/sec-cm2 


2 100 None Ambient 
3 None Ambient 
3 100 None 35O 
2 100 Present Ambient 
3 100 Present 35O 
2 Ambient None Ambient 
2 Ambient None 35O 
2 Ambient Present Ambient 
1 Ambient Present 35O 


a Ambient = room conditions. 


0 0.71 
24 0.69-0.73 
24 0.79-0.86 
24 0.78 
24 0.86-0.91 
24 0.78 
24 1.40 
24 0.86 
24 1.40 


lesterol was obtained. For both normal and aged pellet samples, one spot 
for cholesterol was found (Rf 0.71). To codm that the samples obtained 
for TLC were from differently dissolving pellets, another sample was 
drawn from each dissolution cell and counted on a liquid scintillation 
counter’. The radioactivities for the aged and normal pellets were 2346.2 
and 1235.2 cpm, respectively. It can be concluded that the differences 
in pellet behavior were not due to cholesterol decomposition during 
aging. 


To check the dehydration hypothesis, aged pellets then were soaked 
in double-distilled water at 37’ for 24 hr. Figure 4 shows the comparison 
of normal pellets, aged pellets, and aged pellets followed by soaking. 
Soaking an aged pellet lowered the dissolution rate, but this decrease was 
much greater than expected and will be discussed later. 


0 


0 


0.004 * 
1.0 2.0 3.0 4.0 5.0 6.0 7.0 


wl/*, (radlsec)”’ 
Figure 8-Best-fit analysis of the normal pellets in 5% sodium cholate 
and 0.1 M phosphate buffer at pH 8.00. Key ( c b  in milligrams per mil- 
liliter): 0 ,O.O;  A, 0.2; and +, 1.1 .  


1 Beckman Instruments, Irvine, Calif. 


Journal of Pharmaceutical Sciences I 725 
Vol. 70. No. 7, July 1981 







e 
Table V-Summary of Partial Saturation Experiments and 
Best-Fit Analysis for Normal Cholesterol Pellets in 5 %  Sodium 
Cholate and 0.1 M PhosDhate Buffer at DH 8.00 


0.05 t 
0.00 


1.0 2.0 3.0 4.0 5.0 6.0 7 .0  
w " ~ ,  (rad/sec)"* 


Figure 9-Best-fit analysis of the aged pellets in 5% sodium cholate 
and 0.1 M phosphate buffer at pH 8.00. Key (cb in milligrams per mil- 
liliter): 0 ,  0.0; A, 0.3; and +, 1.0. 


Rotating-Disk Method-Since minor procedural changes resulted 
in significant differences in the dissolution behavior of cholesterol pellets, 
an in-depth study was undertaken to determine if these differences were 
due to changes in solubility and/or interfacial transport. It was hoped 
that a better understanding of the changes would be gained. The pellets 
chosen for study were those shown in Fig. 4. As already seen, major dif- 
ferences were present in the dissolution rates. 


To determine the dynamic solubility, initial dissolution rates were 
determined (5) and plotted against bulk concentration. Figures 5-7 show 
the results of the experiments carried out in 5% sodium cholate and 0.1 
M phosphate buffer a t  pH 8.00. By extrapolating to a dissolution rate 
(JIA) of zero, it was possible to obtain the dynamic solubility. Figures 
5-7 show a linear decrease in the dissolution rate as partial saturation 
is increased. This decrease indicates that the dissolution kinetics are 
proportional to the change in concentration (AC) over the entire satu- 
ration range. From these figures, it can be seen that the solubility for the 
normal and soaked pellets was -1.40 mg/ml while that for the aged pellet 
was -1.73 mg/ml. The solubility obtained for the aged pellet was the same 
as that previously obtained (5) for the anhydrous pellets, which indicates 
that dissolution from the aged pellet occurs from the same phase as from 
the anhydrous pellets. 


To look at the data in a slightly different way, plots of (J /A)  uersus the 
square root rotational speed (w1l2) were prepared. Figures 8-10 show 


o.60 t 
0.501 / e I 


E 


- I 


0.30 


0 . 2 1  ~ ~ : : ~ : : +, 


0.10 
1.0 2.0 3.0 4.0 5 . 0  6.0 7 . 0  


(rad/sec)"2 


Figure lo-Best-fit analysis of the soaked pellets in 5% sodium cholate 
and 0.1 M phosphate buffer at pH 8.00. Key ( c b  in milligrams per mil- 
liliter): 0 ,  0.0; A, 0.3; and +, 1.0. 


Best-Fit Analysis 
P x 104, D x 106, Revolutions Cs , 


C , a ,  mg/ml per Minute mg/ml cm/sec cm2/sec 


1.45 
1.45 "} 1.45 0.51 1.25 1.45 150 
1.42 450 


a From extrapolation of partial saturation data. 


clearly the important involvement of the interfacial barrier in dissolution. 
If the interfacial barrier was not significant in dissolution, a plot of J / A  
uersus w1/2 would give a straight line through the origin. 


Based on a best-fit analysis using the equation previously reported (5), 
J = A(C, - C~)/[1.612D-2~3v116w-1'2 + 1/P], it was possible to obtain 
values for C,, P, and D, where P is the interfacial transport constant and 
D is the diffusivity. The calculated dissolution rates using the best-fit 
values were compared to the experimental dissolution rates; there was 
a good fit between experiment and theory (Figs. 8-10). The points at 450 
rpm (d2 = 6.86) were not weighted in this analysis (5). 


Tables V-VII summarize the results of the partial saturation experi- 
ments and the best-fit analysis. The P,~:P,,~ ratio was -2.71, while 
the Pso&ed:Pnormal ratio was -0.78. Therefore, the differences in the 
dissolution rates can be accounted for primarily by significant changes 
in P. 


Figure 11 shows a plot of the amount of cholesterol dissolved uersus 
time for the normal and aged pellets a t  150 rpm using the rotating-disk 
apparatus. The pattern of dissolution from the normal pellet was linear 
while that from the aged pellet showed a definite curvature after 1 hr 
(Figs. 2 and 4). The fact that the normal pellet showed a linear dissolution 
pattern indicates that dissolution occurs from a single phase (monohy- 
drate). The curved dissolution pattern indicates that more than one phase 
probably takes part in the dissolution. 


Because the solubilities for the aged and anhydrous pellets (5) are 
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Figure 11-Effect of pellet handling on the dissolution rate behavior 
at 150 rpm in the rotating-disk apparatus in 5% sodium cholate and 
0.1 M phosphate buffer at pH 8.00. Key: 0, agedpel1et;and 0, normal 
pellet. 


726 f Journal of Pharmaceutical Sciences 
Vol. 70, No. 7, July 1981 







Table VI-Summary 
Best-Fit Analysis for 
M Phosphate Buffer 


of Par t ia l  Saturation Experiments and 
’ Aged Pellets i n  5% Sodium Cholate and 0.1 
at DH 8.00 


Table VII-Summary of Partial Saturation Experiments and 
Best-Fit Analysis for  Soaked Pellets in 5% Sodium Cholate and 
0.1 M Phosphate Buffer at pH 8.00 


Best-Fit Analysis 
Revolutions Cs , P x 104, D X lo6, 


C,”, mg/ml per Minute mg/ml cm/sec cm2/sec 


Best-Fit Analysis 
Revolutions Cs , P X lo4, D X lo6, 


C,”, mg/ml per Minute mg/ml cm/sec cmZ/sec 


1.73 20 1 
1.72 1.73 li!} 1.75 1.39 1.26 
1.73 450 


1.40 20 
1.40 1.42 lE:] 1.41 0.39 1.26 
1.42 450 


a From extrapolation of partial saturation data. 


similar, leaving the pellet a t  35O and ambient humidity for 24 hr may 
effectively dehydrate the outer surface layer, thereby making the pellet 
anhydrous. After initial dissolution removes the outer layer, dissolution 
again is controlled by the more slowly dissolving monohydrate layers. 


Another possible explanation for this dissolution pattern is that pellet 
dehydration is not just a phenomenon of the outer surface layer but that 
the internal portions of the pellet also dehydrate. When the pellet con- 
tacts the dissolution medium, the more rapidly dissolving anhydrous 
material is removed from the surface. Dissolution from the internal 
portions of the pellet now is controlled by both anhydrous cholesterol 
and cholesterol monohydrate. The deeper the dissolution goes into the 
pellet, the less anhydrous material is present. As the curvature becomes 
greater, more cholesterol monohydrate probably is exposed; thus, dis- 
solution slows and begins to approach the dissolution rate of a normal 
pellet. 


As shown in Fig. 4, pellets exposed to ambient humidity for 24 hr at  
35’ and then soaked in double-distilled water at  37O for 24 hr showed 
linear dissolution, which indicates that soaking of an aged pellet effec- 
tively rehydrates the pellet. This rehydration is seen in the fact that the 
solubilities for the soaked and normal pellets are similar. However, the 
reformation of the monohydrate is probably not to the original state, 
perhaps because of precipitation of cholesterol onto the pellet surface. 
The newly formed crystals might be another polymorph of cholesterol 
monohydrate or they might be more perfect crystals (fewer defects) with 
fewer effective sites available for dissolution. The lower dissolution rate 
seen for the soaked pellet can be accounted for by either explanation. If 
dissolution of the soaked pellet is studied for a long period (-24 hr), a 
second linear portion is seen in the dissolution profile. Its slope is closer 
to that of the normal pellet. 


CONCLUSION 


From this analysis, the need for a uniform experimental procedure can 
be seen. If investigators hope to reproduce results within their own lab- 


From extrapolation of partial saturation data. 


oratories as well as reproduce other investigators’ findings, standard 
experimental procedures must be defined and used. 
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Abstract D Procedures are described for the analysis of the main an- 
thraquinone glycosides of senna powder, senna fruit tablets, and sen- 
noside tablets by high-pressure liquid chromatography (HPLC). In one 
HPLC analysis, TLC was used to separate the glycosides prior to elution 
on a strong anion-exchange column with 0.1 M ammonium nitrate solu- 
tion (pH 9.0) as the mobile phase. In another HPLC analysis, separation 
was effected using a weak anion-exchange column with 0.1 A4 ammonium 
nitrate solution (pH 5.7) as the mobile phase. 


Keyphrases Sennosides A and B-high-pressure liquid chromato- 
graphic analysis, separation of isomers from crude drug and pharma- 
ceutical preparations 0 Anthraquinone glycosides-high-pressure liquid 
chromatographic assay, separation of isomeric sennosides A and B from 
crude drug and pharmaceutical preparations o High-pressure liquid 
chromatography-analysis, anthraquinone glycosides, separation of 
isomeric sennosides A and B from( crude drug and pharmaceutical 
preparations Cathartics-anthraquinone glycosides, isomeric senno- 
sides A and B, high-pressure liquid chromatographic analysis 


The pods and leaves of senna as well as the pharma- 
ceutical preparations containing sennosides A and B are 
widely used in medicine because of their laxative proper- 


ties. An accurate, simple, and easy method is needed for 
estimation of sennosides A and B individually. 


The most commonly used approach involves removal 
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Abstract 0 The dissolution rates of compressed spheres consisting of 
two and three components were measured. A general model for dissolu- 
tion rates of n-component, nondisintegrating spheres is discussed. Ex- 
perimental (cases are presented to support the model for two- and 
three-component spheres, two-component interacting spheres, and 
three-component spheres containing two components that complex. 


Keyphraseri 0 Dissolution-general model for n-component, non- 
disintegrating spheres Spheres-n-component, nondisintegrating, 
general model for dissolution rates 0 Models, dissolution-for n-com- 
ponent, nontlisintegrating spheres 


Few studies on dissolution rates have involved multi- 
component solids. One early study (1) involving the dis- 
solution of a two-component system examined the disso- 
lution rates of several poorly soluble weak acids and tri- 
basic sodium phosphate in various mole fractions. The 
dissolutioii rates of salicylic acid and povidone from 
compressed disks also were reported (2). Diffusion models 
also were suggested (3) for the dissolution of nondisinte- 
grating multicomponent mixtures containing noninter- 
acting components and complexing components. Shah and 
Parrott (4) applied the model to the dissolution of four 
two-component solids. 


This study presents a general model for the dissolution 
rates of a nondisintegrating sphere containing any number 
of components. The model was developed from the view- 
point of mass transfer, and experimental cases are pre- 
sented demonstrating its application to two- and three- 
component solids, two-component interacting solids, and 
three-component solids with two components inter- 
acting. 


THEORY 


A model for the dissolution rate of a spherical solid particle may be 
described assuming that (a) the dissolution rate is diffusion controlled, 
(b) the diffusiion layer thickness is always the same for all particles of the 
same size, (c) the concentration change of the dissolved solid in the dis- 
solution medium is negligible, (d) the effective particle shape approxi- 
mates a sphere, and ( e )  the initial solid composed of n components is 
homogeneous. 


From the viewpoint of mass transfer, if multicomponent diffusion ef- 
fects are ignored, the change in mass with time, dWildt, of a noninter- 
acting component in the solid can be expressed as: 


-- dWi - -k,S,.(CI - Ci) 
dt (Eq. 1) 


where ki is the liquid phase mass transfer coefficient, Si is the surface 
area available for mass transfer, and Cl and Ci are the interfacial and bulk 
mass concentrations. of species in the liquid phase, respectively, for 
components i = 1 to n. Since the surface area of a sphere is 4 n 2 ,  Eq. 1 
may be written as: 


d Wi 
- 5  -k;.lm?(C; - c;) 
dt 


The mass o:f a given component in the solid is related to the volume of 
the particle, the mass fraction, Xi, and the bulk density, p. Since: 


4 
W, = 3 rraX,p 


(Eq. 4) 
dr, D,(C; - C,) 
dt hX,p 


where, for diffusion-controlled dissolution in which,there is no chemical 
reaction, the liquid phase mass transfer coefficients are expressed in terms 
of diffusion coefficients, D,, and the film thickness, h. 


As dissolution proceeds, the more soluble components dissolve faster 
and are depleted near the solid-liquid interface, resulting in a surface 
layer composed of the least soluble component. At any time, the solid is 
conceptualized as consisting of a homogeneous core with the initial 
composition, an outer shell of the least soluble component, and, between 
them, n - 2 concentric layers comprised of components of intermediate 
solubilities. If the nth component is the least soluble component, Eq. 4 
may be written as: 


(Eq. 3) 


and if X, is not a function of time, Eq. 2 may be written as: 


--= 


and: 


(Eq. 5) 


(Eq. 6) 


where h is the film thickness and (h + r,- ri) includes an internal dif- 
fusion thickness (or resistance) of r,- ri. 


Equations 2,5, and 6 may be used to calculate the dissolution rates of 
n-component solids. The fluxes, Ji,  may be found from the equations: 


and: 


(Eq. 7) 


(Eq. 8) 


where the fluxes are normalized in terms of the external surface area, S,, 
of the solid. 


The weight of the solid a t  any time can be calculated from: 


w =  5 wi 
i = l  


(Eq. 9) 


These equations will be used to model the dissolution of two- and 
three-component solids. In addition, these equations can be modified 
to include cases with interaction between the components. 


EXPERIMENTAL 


Preparation of Compressed Spheres and Measurement of Den- 
sities-Material that passed through an 80-mesh sieve but was retained 
on a 100-mesh sieve was compacted at 4540 kg of force, by means of a 
hydraulic press', into compressed spheres having a diameter of 1.270 f 
0.005 cm. The bulk density of the compressed spheres was determined 
by displacement (4). The true density of the material was determined 
by means of a pycnometer using n-heptane. 


Dissolution Rate-The dissolution rate was determined in distilled 
water at 25 f 0.1", as described previously (5,6), under conditions where 
the concentration of the solutes did not exceed 5% of solubility. The 
dissolution apparatus and procedure were described previously (4,6), 
and the dissolution rates are given in Tables I and 11. 


Analytical Procedures-The simultaneous analysis of two-compo- 


Carver press, model C. 
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Table I-Composition and Experimental Dissolution Rates of 
Two-Component Solids Compressed at 4540 kg 


Mole Fraction Dissolution Rate, g/hr/cm2 


Aspirin-Salicylic Acid 
S here 
+miJ 


ASA $AJ x* w o m 0  - 
0.9 0.1 0.0423 0.0036 0.0459 
0.8 0.2 0.0415 0.0080 0.0495 
0.7 0.3 0.0382 0.0125 0.0507 
0.6 0.4 0.0336 0.0171 0.0507 
0.5 0.5 0.0282 0.0216 0.0498 
0.4 0.6 0.0215 0.0248 0.0463 
0.3 0.7 0.0148 0.0264 0.0412 
0.2 0.8 0.0088 0.0271 0.0359 
0.1 0.9 0.0039 0.0272 0.0311 
0 1.0 - 0.0272 0.0272 


x* 
0.9 
0.8 
0.7 
0.6 
0.5 
0.4 
0.3 . .- 


0.20 
O. lb  
0 


Aspirin-Phenacetin 
ASA 
o m 0  
0.0370 0.1 


0.2 0.0320 
0.3 0.0269 
0.4 0.0195 
0.5 0.0130 
0.6 0.0081 
0.7 0.0051 
0.8 0.0025 
0.9 0.0010 
1.0b - 


+P 
! 
PH - 


0.0041 
0.0079 
0.0115 
0.0129 
0.0125 
0.0120 
0.0120 
0.0098 
0.0086 
0.0080 


S here 


0.0411 
0.0399 
0.0384 
0.0324 


b 


0.0255 
0.0201 
0.0171 . 


0.0123 
0.0096 
0.0080 


Compressed at 680 kg. Melt method. 


neut spheres of aspirin (ASA) and salicylic acid (SAL), and of aspirin and 
phenacetin (PH), and of three-component spheres of aspirin, caffeine 
(CAF), and phenacetin using simultaneous equations was discussed 
previously (4,7). 


RESULTS AND DISCUSSIONS 


Two-Component, Noninteracting Solids-Two systems (aspirin- 
salicylic acid and aspirin-phenacetin) were studied. The experimental 
dissolution rates for various compositions of both systems are given in 
Table I. The solubilities and diffusion coefficients used in the calculations 
are compiled in Table 111. The weight of the spheres and the fluxes (dis- 
solution rates) were calculated from Eqs. 1 and 5-9. These equations were 
solved simultaneously using a fourth-order Runge-Kutta procedure 
(8). 


For example, a t  2 hr, the theoretical predicted weights are compared 
to the experimentally determined weights for aspirin-salicylic acid 
spheres in Fig. 1 and for aspirin-phenacetin spheres in Fig. 2. The pre- 
dicted weights are within 6% of the determined weights, and the calcu- 
lated values indicate that the maximum loss of weight occurs a t  an in- 
termediate value of XASA. 


Table 111-Physical Parameters of Species in Water at 25" 


Material D,, cm2/sec C: d m l  
~~ -~ ~ ~~~ 


Aspirin 8.01 X a 4.44 x 10-3 a 
Salicylic acid 10.12 x 10-6 b 2.24 x 10-3 c 
Caffeine 6.79 X 23.2 x 10-3 e 
Phenacetin 9.0 x 10-6 f 1.1 x 10-3 g 


- AsDirin-caffeine comdex 6.79 X 
~~ -~ .~ 


@ L. J. Edwards, Trans. paraday Soc., 47,1191 (1951). (I J. W. Mullin and T. P. 
Cook, J Appl Chem., 15,145 (1965). c N. A. H d a ,  Am. J. Phurm., 132,406 (1960). 


M. McCabe, Biochem. J., 127,249 (1972). A. N. Paruta, B. J. Sciarrone, and N. 
G. Lordi, J Pharm Sci., 54,838 (1965). f C. D. Shively and D. 0. Kildsig, ibid., 61, 
1589 (1972). 8 A. Seidell. J Am. Chem. Soc.. 92.1088 (1970). Assumed to be the 
same as caffeine. 


The general model predicts that maximum dissolution rates occur for 
composite solids in which there is no internal diffusion resistance (all the 
r; values are equal). This critical composition can be found by equating 
the right-hand sides of Eq. 6 with r, = ri and Ci = 0; thus: 


(Eq. 10) 


which can be rearranged to: 


(Eq. 11) 


where X I  + Xz = 1. 
In general, the r, values of the dissolving components are not equal and 


may vary with time. For example, in Fig. 3 the radius is plotted uersus 
time for different initial compositions of aspirin and phenacetin. Where 
X ~ A  = 0.1 and phenacetin comprises the outer shell, the external radius 
of the solid varies linearly with time while the radius of the homogeneous 
core varies nonlinearly. In Fig. 3, the internal diffusion thickness for as- 
pirin is dependent on time. For the critical composition of the solid, the 
internal resistance is zero and rASA = rpH. 


Since the internal diffusion thickness is dependent on time, the fluxes 
are also time variant (Eqs. 7 and 8). Examples of this situation are shown 
in Fig. 4 for an aspirin-salicylic acid sphere with X A ~ A  = 0.2 and for as- 
pirin-phenacetin spheres with XASA = 0.2 and 0.7. Since there is no in- 
ternal resistance at  t = 0, the fluxes have their maximum value; subse- 
quently, the flux of the more soluble component decreases as the internal 
resistance is increased. The average flux, 3, may be calculated by: 


X2 DzCi 
X i  DiCi  
-=- 


(Eq. 12) 


At 2 hr, the theoretical average fluxes of aspirin and salicylic acid were 
calculated and plotted in Fig. 5 for the aspirin-salicylic acid spheres of 
various composition. The symbols represent the experimental values. 
Similarly, the average fluxes of aspirin and of phenacetin are plotted 
uersus composition in Fig. 6 for comparison to theoretical values. 


Table 11-Composition and Experimental Dissolution Rates of Three-Component, Interacting System 


Mole Fraction Density, Dissolution Ratea, g/hr/cm2 
X A s A  XPH XCAF g/cm3 ASA PH CAF Sphere 


0.4 


0.25 


0.167 


0.4 


0.25 


0.167 


0.2 


0.5 


0.2 


0.5 


0.667 


0.4 


0.25 


0.167 


0.4 


0.25 


0.4 


0.25 


0.167 


0.2 


0.5 


0.667 


0.2 


0.25 


i.46 


1.39 


1.35 


1.41 


1.42 


1.43 


1.37 


1.45 


0.0650 
0.0679 
0.0077 
0.0079 
0.0026 
0.0026 
0.0167 
0.0165 
0.0452 
0.0446 
0.0495 
0.0454 
0.0160 
0.0169 
0.0368 


0.0323 
0.0338 
0.0154 
0.0158 
0.0106 
0.0105 
0.0166 
0.0164 
0.0451 
0.0444 
0.0492 
0.0452 
0.0319 
0.0338 
0.0183 


0.0701 
0.0733 
0.0083 
0.0085 
0.0029 
0.0028 
0.0090 
0.0089 
0.0975 
0.0961 
0.2127 
0.1952 
0.0345 
0.0365 
0.0198 


0.1674 
0.1750 
0.0314 
0.0322 
0.0161 
0.0159 
0.0423 
0.0418 
0.1878 
0.1851 ~ ~. 


0.3114 
0.2853 
0.0824 
0.0872 
0.0749 


0.0362 0.0180 0.0196 0.0738 
0.667 0.167 0.167 1.47 0.0417 0.0104 0.0113 0.0634 


0.0409 0.0102 0.01 11 0.0622 
0.333 0.333 0.333 1.43 0.0290 0.0289 0.0313 0.0892 


Two determination for each composition. 
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Figure 1-Relation of composition to  weight of a dissolving aspirin- 
salicylic acid sphere having a bulk density of 1.52g/cm3. Smooth curve 
is theoretical, and points are experimental values. 
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Figure 2-Relation of composition to weight of a dissolving aspirin- 
phenacetin .sphere having a bulk density of 1.42 gfcm3. Smooth curve 
is theoretico 1, and points are experimental values. 
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Figure 3-Radius of layers of the components of a dissolving aspirin- 
phenacetin sphere with a bulk density of 1.42gfcm3 as a function of time 
at the criticcd composition and at X A ~ A  = 0.1. Key: -, rpw at XASA = 
0.1; - - -, rAs.4 at X A ~ A  = 0.1; and .--, rpH = rASA at XASA = 0.8. 


Three-Component, Noninteracting Solids-For three-component, 
noninteracting solids, the critical composition is found from: 


or: 


(Eq. 13) 


I f I 
1 2 


HOURS 


Figure 4--instantaneous flux from two-component spheres as a 
function of time. Key: -, JPH at  X A ~ A  = G\ 7 and XPH = 0.3 with a bulk 
density of 1.42gfcm3; - - -, JASA at XAsA = 0.2 and XPH = 0.8 with a bulk 
density of 1.42g/cm3; and --, JASA at XASA = 0.2 and Xsar, = 0.8 with 
a bulk density of 1.46gfcm3. 


(Eq. 15) X 2  - DzCi 
X3 D a G  
- _ -  


where X i +  X 2  + X 3  = 1. 
For the argument of model comparison, no interaction is assumed to 


occur in the dissolution of an aspirin-caffeine-phenacetin solid. With 
this asaumption, the average fluxes for the components were calculated 
and plotted in Fig. 7 at XPH = 0.5. For X P H  values greater than 4 . 1 ,  the 
phenacetin is the outer shell, and the flux of phenacetin is constant for 
all X A ~ A  values. For X P H  of < 0.1, either the caffeine or the aspirin can 
be the outer shell, depending on the composition. As shown in Fig. 8 at 
X P H  = 0.05, if X ~ A  g 0.2, aspirin is the outer shell, and if X A ~ A  2 0.2, 
phenacetin is the outer layer. 
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Figure 5-Comparison of experimental fluxes of the  components of 
aspirirewlicylic acid spheres with a bulk density of 1.4 glcm3 of various 
compositions. Smooth curves are theoretical average fluxes. Key: 0, 
aspirin; and 0,  salicylic acid. 
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Figure 6-Comparison of experimental fluxes of the components of  
aspirin-phenacetin spheres with a density of 1.4 g/cm3 of various 
compositions. Smooth curves are theoretical average fluxes. Key: 0, 
aspirin; and 0, phenacetin. 


Two-Component, Interacting Solids-The general modeling dis- 
cussed may he extended to include interacting solids. Consider the case 
in which components A and B react according to the reaction A + B F? 


AB and the equilibrium constant, K, is expressed as: 


(Eq. 16) 
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Figure 7-Average fluxes of components of aspirin-caffeine-phenac- 
etin spheres with a density of 1.5 glcm3, XPH = 0.5, and various com- 
positions of aspirin and caffeine. Key: - -  -, aspirin; -, caffeine; and 
.----, phenacetin. 
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Figure %-Average fluxes of components of  aspirin-caffeine-phenac- 
etin spheres with a density of 1.5 glcm3, XPH = 0.05, and various com- 
positions of aspirin and caffeine. Key: - - -, aspirin; -, caffeine; and -; 
phenacetin. 


with the concentrations being expressed in molar concentrations as in- 
dicated by tildes. 


The mass transfer may he expressed for the two-component, inter- 
acting system by: 


where M A  and MB are the molecular weights of A and B, respectively. 
Expressions for rA and rB may be found as discussed. 


For the critical composition: 


(Eq. 19) 


where X A  + X B  = 1. 
Theoretically calculated values are drawn as solid lines in Fig. 9 in 


which the mass of a dissolving aspirin-caffeine sphere at 1 and 2 hr is 
plotted versus composition. The symbols represent experimental values. 
The model and experimental values are in good qualitative and quanti- 
tative agreement over the entire range of XASA. 


X A  D A C ~  + M A D A B ~ ~ B  
X B  D B C ~  + MBDABCLB 
- =  
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Figure 9-Relation of composition to weight of a dissoluing aspirin- 
caffeine sphere with a bulk density of 1.5 gIcm3. Smooth curves are 
theoretical, and points are experimental values. Key: upper curve, t = 
1 hr; lower curve, t = 2 hr; and 0, experimental values a t  t = 1 hr. 


The fluxes predicted by the model are compared to the experimentally 
determined fluxes in Fig. 10. The differences between interacting and 
noninteracting systems can be seen by comparing Fig. 10 with Figs. 5 and 
6. There are no regions in a two-component, interacting system in which 
either flux is independent of the mass fraction. In addition, in a nonin- 
teracting system, the flux of aspirin can not exceed 0.043 g/hr/cm2; in 
interacting systems, the flux of aspirin can greatly exceed the noninter- 
acting limit over a broad range of X A S A  values. 


Three-Component Systems with Two Components Interact- 
ing-If a third component, I, is added to the two-component, interacting 
system, then in addition to Eqs. 17 and 18, an equation for mass transfer 
of I must be considered, i.e.: 


w1 - k1SICj 
dt (Eq. 20) 


The expressions for the critical composition for this system are: 


and: 


where XI + X A  + X B  = 1. 
The equilibrium constant for the 1:l aspirin-caffeine complex was 


reported to bo 17.4 literslmole (9). The hypothetical fluxes for each 
component of an aspirin-caffeine-phenacetin solid are shown in the re- 
maining plots (see Appendix). The model for three components with two 
componenta interacting is plotted in Figs. 11 and 12, and it may be 
compared to Figs. 7 and 8 in which no interaction was hypothetically 
assumed between aspirin and caffeine. For XPH 2 0.1, the general shapes 
of the flux cun'es are similar (Fig. 11); however, for X P H  5 0.1, the effecta 
of complexation are apparent (Fig. 12). 


Due to caffeine-aspirin complexation, the flux of aspirin may be greater 
than in the hypothetical noninteracting case. In addition, for the inter- 
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Figure 10-Comparison of theoretical and experimental fluxes of the 
two components for an interacting two-component sphere with a bulk 
density of 1.5g/cm3. Smooth curues are theoretical fluxes. Key: 0, as- 
pirin; and ., caffeine. 
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Figure 11-Theoretical average fluxes of components of aspirin-caf- 
feine-phenncetin spheres with a bulk density of 1.5 glcm3, X P H  2 0.1, 
and various compositions of aspirin and caffeine. The hypothetical 
noninteracting case for this system is given in Fig. 7. Key: -, caffeine 
a t  XPH = 0.2; ---, caffeine a t  XPH = 0.4; --., aspirin a t  XPH = 0.2; 
X-X-, aspirin a t  XPH = 0.4; and 0-0-, phenacetin at X P H  = 0.2 and 
XPH = 0.4. 
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Figure 12-Theoretical average fluxes of components of aspirin-caf- 
feine-phenacetin spheres with a bulk density of 1.5 glcm3, XPH = 0.05, 
and various compositions of aspirin and caffeine with complexation. 
Key: - - -, aspirin; -, caffeine; and --., phenacetin. 


acting case, three distinct regions occur as shown in Fig. 12. For X A ~ A  t 
0.4, aspirin forms the outer shell, and the fluxes of all three components 
decrease with increases in XASA. For 0.1 5 X A ~ A  5 0.4, phenacetin 
comprises the outer shell, and the flux of phenacetin remains constant 
while the flux of aspirin increases and the flux of caffeine decreases as 
X M A  is greater. Caffeine forms the outer shell for XASA 0.1, and the 
fluxes of all three components increase as X A ~ A  is greater. 


The experimental data for the three-component, interacting system 
(Table 11) are comparable with reasonable qualitative agreement to the 
theoretical values in the remaining figures. In Fig. 13 with equal mole 
fractions of aspirin and phenacetin, the flux of caffeine is shown to be an 


1 EXPERIMENTAL 
0.2 + n 


b c 


/ 
2 I THEORETICAL 
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O . O 1 t  
I 1 I I 


I 1 I 
0.2 0.4 0.6 
XCAF WITH XASA =XPH 


Figure 13-Theoretical average and experimental fluxes of each 
component in a three-component, interacting system with equal mote 
fractions of aspirin and phenacetin. Densities are given in Table II .  Key: 
- - -, aspirin; -, caffeine; and ---, phenacetin. 


increasing function of the mole fraction of caffeine; however, the fluxes 
of aspirin and phenacetin are relatively insensitive to the mole fraction 
of caffeine. 


In Fig. 14 with equal mole fractions of aspirin and caffeine, the fluxes 
of aspirin and caffeine decrease exponentially as the mole fraction of 
phenacetin is increased, while the flux of phenacetin is less sensitive to 
change in the fraction of phenacetin. As shown in Fig. 15 with equal mole 
fractions of caffeine and phenacetin, the flux of aspirin increases as the 
mole fraction of aspirin increases, but the flux of caffeine decreases as 
the mole fraction of aspirin increases. 


APPEND I X 


The mathematics of the calculation of the fluxes is illustrated for a 
three-component solid with two interacting components. 


The equations for the flux of the dissolution of aspirin (ASA)-caffeine 
(CAF)-phenacetin (PH) solids with an interaction between the aspirin 
and caffeine are obtained from Eqs. 7 and 8 using Eqs. 17,18, and 20 (see 
tex t  for definitions): 
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Figure 14-Theoretical average and experimental fluxes of each 
component in a three-component, interacting system with equal mole 
fractions of aspirin and caffeine. Densities are given in Table II. Key: 
---, aspirin; -, caffeine; and ---, phenacetin. 


d'PH(t) = kPHCh 


When phenacetin is the outer layer: 
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Figure 15-Theoretical average and experimental fluxes of each 
component in a three-component, interacting system with equal mole 
fractions of caffeine and phenacetin. Densities are given in Table II. 
Key: - -  -, aspirin; -, caffeine; and .--, phenacetin. 


and: 
SASA = 4 ~ r X s a  (Eq. A7) 


SCAF = 4TrtAF (Eq. -48) 


SPH = 4."r$H (Eq. A9) 


For the experimental conditions at 2 5 O ,  the diffusivities and solubilities 
are given in Table 111. The film thickness, h, was determined experi- 
mentally to be 30 X cm, and the equilibrium constant for a 1:l as- 
pirin-caffeine complex was taken as 17.4 literdmole. With the use of these 
physical parameters and Eqs. A P A S ,  Eqs. AlLA3 can be written as: 


JpH(t) = 3.3 x 10-6g/cm2/sec (Eq. A12) 


As  shown by these equations, the fluxes are dependent on the indi- 
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vidual radii. The equations describing the radii are obtained from Eq. 
6: 


drAsA - DASACASA + DASA-CAFMASA~SA-CAF (Eq. A13) 
dt (h + rPH - rASA)XASAP 


(Eq. A15) 


where: 


XPH + XASA + XCAF = 1 (Eq. A16) 


At  25O, the equations can be written as: 


cm/sec (Eq. A18) drcAi - 2.22 x 10-7 
dt (30 x + TPH - rCAF)XCAFP 


(Eq. A19) 


These equations are coupled (rAS.4 is a function of rpH, etc.). For given 
values of Xi and p, these equations can be solved simultaneously to yield 
rAS.4, TCAF, and rpH as a function of time. A fourth-order Runge-Kutta 
procedure (8) was used in this study to solve these equations. When the 
radii are evaluated, thehtantaneous fluxes may be calculated from Eqs. 


A10-A12. The average fluxes may be calculated using Eq. 12. 
The equations describing the cases in which either aspirin or caffeine 


is the outer layer can be obtained similarly. The equations describing the 
hypothetical case In which aspirin and caffeine do not interact are ob- 
tained by setting C ~ ~ A - ~ A F  to zero in these equations. 
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Reversed-Phase High-pressure Liquid Chromatographic 
Analysis of Sulconazole in Plasma 
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Abstract A sensitive and specific analytical method for the mea- 
surement of sulconazole in plasma is described. The compound was ex- 
tracted from plasma at  pH 10 with hexane-methylene chloride. Samples 
were subjected to high-pressure liquid chromatography (HPLC) using 
an acetonitrile-phosphate buffer mixture as the mobile phase. The 
components of interest were measured using a variable-wavelength de- 
tector at  229 nm. Sulconazole concentrations of 10.5 kg/ml can be 
measured with confidence using this method. Linear calibration curves 
were constructed over the concentration range of 0.5-5 Fg/ml for sulco- 
nazole from dog plasma. A dog was administered a single oral 1000-mg 
dose of tritiated sulconazole nitrate; total plasma radioactivity and sul- 
conazole plasma levels determined by HPLC are reported. 


Keyphrases Sulconazole-reversed-phase high-pressure liquid 
chromatographic analysis in plasma High-pressure liquid chroma- 
tography-analysis of sulconazole in plasma 0 Antifungal agents-sul- 
conazole, reversed-phase high-pressure liquid chromatographic anal- 
ysis. 


Sulconazole nitrate, l-[/3-(4”-chlorobenzylthio)-2’, 
4’-dichlorophenethyl]imidazole mononitrate (I), is a po- 
tential new antimycotic agent1 developed for human use. 
Since it is necessary to conduct animal toxicity studies 
supported by plasma level data for new drugs, a sensitive 
and specific analytical method was developed. 


A high-pressure liquid chromatographic (HPLC) 
method for the determination of econazole, a structural 


Syntex, Palo Alto, Calif. 


analog of sulconazole, was described previously (1). Direct 
application of this extraction-injection method to sulco- 
nazole analysis provided unsatisfactory chromatography. 
Interfering peaks at the retention time of the compounds 
of interest were observed, and laborious distillation of ether 
prior to extraction to remove peroxides did not prevent 
random oxidative degradation of sulconazole. 


This paper describes a reversed-phase HPLC method 
for the measurement of sulconazole in plasma using a 
structurally related analog as the internal standard. The 
method was applied to the measurement of sulconazole in 
the plasma of a dog given a single oral dose of 1000 mg of 
tritiated sulconazole nitrate. 


EXPERIMENTAL 


Reagents and Materials-All solvents2 were distilled-in-glass and 
liquid chromatography grade. All chemicals’, available in-house, were 
analytical grade and were used without further purification. Inorganic 
reagents were prepared in purified water3. Standard solutions of sulco- 
nazole were prepared in methanol a t  the following concentrations: 40 
,ug/ml (stock solution) and 20, 16, and 4 pg/ml (spiking solutions). The 
internal standard solution was prepared in methanol a t  a concentration 
of 100 pg/ml. Solutions were stored at  4”. Standard solutions were pre- 
pared every 2 weeks. 


Burdick 81 Jackson Laboratories, Muskegon, Mich. 
Milli Q System, Millipore Corp., Bedford, Mass. 
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Preparation of Spherical Matrixes of Prolonged-Release 
Drugs from Liquid Suspension 
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Abstract A simple and less expensive method for the preparation of 
spherical matrixes of prolonged-release drugs was developed from liquid 
suspension. The drugs dispersed in distilled water were agglomerated 
with a small amount of organic solution or melt of matrix material. The 
process, called a “solution” or “melting” method, depended on the state 
of matrix material. In the present study, sulfamethoxazole and sulfa- 
nilamide were agglomerated with white beeswax and ethylcellulose. 
Furthermore, the parameters affecting the average size and release be- 
havior of the resultant matrixes were investigated. Increasing the amount 
of matrix material used yielded large matrixes and prolonged-release 
action. The drugs rendered hydrophobic by surface treatment produced 
larger matrixes that released drug more slowly than untreated drugs. The 
sizes of the matrixes decreased and became uniform with increasing ag- 
itation speed. The sulfamethoxazole matrixes with wax proved to be 
enteric coated since the release rate was fast in the alkaline test solution 
(pH 7.5) but slow in the acidic one (pH 1.2). 


Keyphrases 0 Spherical agglomeration-preparation of spherical 
matrixes of prolonged-release drugs from liquid suspension, sulfa- 
methoxazole and sulfanilamide o Prolonged-release drugs-preparation 
of spherical matrixes from liquid suspension, sulfamethoxazole and 
sulfanilamide 0 Sulfamethoxazole-drug release behavior, preparation 
of spherical matrixes from liquid suspension Sulfanilamide-drug 
release behavior, preparation of spherical matrixes from liquid suspen- 
sion 


Previous investigators (1) found that the dispersed 
particles in liquid suspension were spherically agglomer- 
ated with a small amount of second immiscible liquid, 
which preferentially wetted the particles. By developing 
this research further, other investigators (2-4) established 
the “spherical agglomeration” technique as a favorable 
method for agglomeration of fine particles in liquid. 


By using a modified spherical agglomeration technique, 
a simple and less expensive process was developed in the 
present study to prepare spherical matrixes of pro- 
longed-release drugs as an alternative to spray-congealing 
methods (5-7). An organic solution (e.g. , benzene) or a melt 
of matrix material such as a wax-like material or ethyl- 
cellulose was used as a second immiscible liquid, i.e., a 
collecting liquid. The parameters affecting micromeritic 
properties and drug release behavior of the resultant ma- 
trixes also were studied. 


EXPERIMENTAL 


Materials-Sulfamethoxaxole’, having geometric mean diameters 
of 6 and 380 pm and geometric standard deviations of 1.4 and 1.2 pm, 
respectively, was used. Fine sulfamethoxazole particles were supplied 
by pulverizing the coarse particles. Sulfanilamide* particles of a 297-pm 
geometric mean diameter with a geometric standard deviation of 1.1 fim 
also were used for agglomeration. White beeswax3 and ethyl~ellulose~ 
were used as matrix materials. 


Surface-treated drugs were rendered strongly hydrophobic to increase 
their affinity with matrix material to attain a well-coated matrix. Surface 
treatment was done by allowing adsorption of palmitic acid4 onto the drug 


Shionogi Pharmaceutical Co., Osaka, Japan. 
Naknrai Chemical Co., Tokyo, Japan. 
Miki Chemical Co., Tokyo, Japan. 
Kishida Chemical Co., Tokyo, Japan. 


surface. Adsorption was achieved by dispersing 10 g of particles in 200 
ml of 3% palmitic acid-alcohol solutions and leaving the system for 2 days. 
The drugs adsorbed with palmitic acid were filtered and dried at 40’ for 
1 day. No significant changes in particle size after the treatment were 
observed. 


Preparation of Matrixes-Melting Method-Sulfamethoxazole 
particles (10 g) were dispersed in 300 ml of distilled water contained in 
an 8 X 18.5-cm glass cylindrical vessel. The system was agitated at  241, 
382,620, and 1100 rpm by a turbine-type agitator with four blades, 4 cm 
in diameter, to examine the effect of agitation speed on product size. The 
agitator was set 1 cm from the bottom of the vessel. 


The system was heated gradually to 90’ by a mantel heater. When the 
system reached 90’, powdered white beeswax, weighing 1.25 or 1.5 g, was 
added to change the coating thickness of resultant matrixes. Then the 
system was agitated for 10 min at  90’. The molten white beeswax col- 
lected the dispersed drug and yielded spherical agglomerates. By re- 
moving the mantel heater, the system was cooled gradually to room 
temperature while stirring to harden the agglomerates. The resultant 
agglomerates were filtered and dried for 24 hr a t  40’. The average di- 
ameter of the dried agglomerates was determined by a sieving method 
using standard sieves specified in the JP, the opening of which was nearly 
the same as that of the Tyler sieve. The size range varied from 16 to 
84%. 


Solution Method-A small amount of benzene solution of white 
beeswax or ethylcellulose was used instead of a white beeswax melt. 
Sulfamethoxazole particles (5 g) were agglomerated with 0.5,1.3, or 3.0 
ml of a 7% benzene solution of ethylcellulose. Then the system was agi- 
tated continuously at  620 rpm for 2 hr to evaporate the benzene and to 
harden the agglomerates. Sulfanilamide particles (10 g) were agglomer- 
ated with 4 or 8 ml of a 9.3% benzene solution of white beeswax. The re- 
sultant agglomerates were filtered and dried as described for the melting 
method. 


Figure 1-Photomicrograph of sutfamethoxazote matrixes with white 
beeswax used for the release test. 
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Figure 2-Effect of agitation speed on the average diameter of ma- 
trixes. The material was pulverized sulfamethoxazole, and the collecting 
liquid was 1.5 g of a white beeswax melt. Key: 0, with surface treatment; 
and A, without surface treatment. 


Drug Release Test of Agglomerates-The dissolution tests were 
conducted by a beaker method. A USP rotating basket was modified by 
attaching a propeller to the top, which was used as an agitator. Thus, the 
adsorption of air bubbles to the basket was prevented and agitation was 
promoted. The agglomerates, fractionated to 500-1000 pm, were used 
to cancel the surface area effect on the dissolution rate. 


The 90-mg test samples were added to 900 ml of distilled water or acidic 
(pH 1.2) or alkaline (pH 7.5) disintegration test solutions specified in the 
JP. Adhesion of agglomerates to the basket was slight. The system was 
controlled thermally at  37' and agitated at  150 rpm. At  various adequate 
intervals, 2-ml aliquots were withdrawn from the system and filtered 
through a 0.2-pm filter5. The dissolved amounts of drug were determined 
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Figure 3-Effect of collecting liquid on the average diameter of ma- 
trixes. The material was puluerized sulfamethoxazole, the collecting 
liquid was ethylcellulose solution, and the agitation speed was 1100 rpm. 
Key: 0, with surface treatment; and A, without surface treatment. 


5 Millipore. 
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Figure 4-Effect of surface treatment (A, with; and A, without) of raw 
matprials and agitation speed on the size distribution of matrixes. The 
material was pulverized sulfarnethoxazole, and the collecting liquid was 
1.5g of a white beeswax melt. Key: V, 1100rpm; 0,620rpm; A, 382rpm; 
and 0 ,241  rpm. 


spectrophotometrically at the UV wavelengths of 250 and 257 nm using 
a double-beam spectrophotometer6. 


RESULTS AND DISCUSSION 


Parameters  Affecting Agglomerate Particle Size-The products 
prepared by this technique were fairly rounded spheres, varying from 
50 pm to 4 mm in size. Products prepared by the melting method ap- 
peared to be coated with white beeswax (Fig. 1). 


The effects of the agitation speed of the system on agglomerate size 
are shown in Fig. 2. The median diameters of the products of the fine 
sulfamethoxazole particles prepared by the melting method were plotted 
against the agitation speeds. With increasing agitation speed, the average 
size of the particle agglomerates without surface treatment decreased 
gradually from 380 to 150 pm. The surface-treated particles yielded larger 
agglomerates than particles without surface treatment. The surface- 
treated particles could be wetted easily by molten wax due to their strong 
hydrophobic properties, resulting in large agglomerates. 


Agitation speed strongly affected the product size of the surface-treated 
particles. The average particle size decreased sharply from 2.1 to 0.62 mm 
when the agitation speed was increased from 241 to 382 rpm (Fig. 2). With 
the coarse sulfamethoxazole particle, the agitation speed similarly af- 
fected agglomerate size. However, there was little difference in product 
size between the particles with and without surface treatment. This result 
indicates that it is difficult to make the coarse particles hydrophobic by 
surface treatment because of their poor adsorption of palmitic acid. 


The effects of the amount of collecting liquid on agglomerate size are 
seen in Fig. 3. The median diameter of the products of the fine sulfa- 
methoxazole particles prepared by the solution method increased with 
the increasing amounts of benzene solutions of white beeswax used. This 
trend was evident for products of the surface-treated particles and may 
have been due to increased affinity with the collecting liquid caused by 
the hydrophobic nature of the particles. The increase in the agglomerate 
size caused by surface treatment was also confirmed with the sulfanila- 
mide products. 


The effects of surface treatment on the size distribution of the agglo- 
merates of the fine sulfamethoxazole particles are seen in Fig. 4. The size 
distribution of the products without surface treatment was described by 
a log-normal form (Fig. 4B). The slope of the line, representing a geo- 
metric standard deviation, decreased with increasing agitation speed. 
This result suggests that the agglomerates of a fairly uniform size can be 
produced by increasing the agitation speed. The size distributions of the 
products of the surface-treated particles were not represented by a log- 
normal form (Fig. 4A), because they were heterogeneous mixtures con- 
taining some extraordinarily large particles, which increased in number 
a t  the lower agitation speed. At the lower stirring speed, the collecting 
liquid was not dispersed uniformly, resulting in a heterogeneous mixture. 
Furthermore, the adhesive force between the surface-treated particles 
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Figure 5-Drug release pat terns  of sulfamethoxazole matrixes in dis- 
tilled water. Key: 0 ,  f i n e  particle size, without surface treatment ,  1.5 
g of wax; A, coarse particle size, without surface treatment, 1.25g of wax; 
A, coarse particle size, wi th  surface treatment ,  1.25 g of W Q X ;  0, f ine  
particle size, wi th  surface treatment ,  1.3 ml o f  ethylcellulose solution; 
B, f ine  particle size, without surface treatment, 1.3 ml of ethylcellulose 
solution; and 0, original sulfamethoxazole. Standard deviation bars 
for  only representative batches are exhibited t o  avoid superim- 
posing. 


might be stronger than the destructive force brought about by agitation. 
Therefore, once a large agglomerate was produced, it was rarely destroyed. 
Similar phenomena were observed for other products of sulfanilamide 
and sulfamethoxazole. 


Drug Release Behavior from Agglomerates-Dissolution tests were 
undertaken to examine the prolonged-release behavior of the products. 
Dissolution behavior was represented by plotting the percentage of the 
drug released from the agglomerates on a semi-square root graph. The 
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Figure 6-Drug release patterns of sulfanilamide matrixes in distilled 
water. Key: 0, with surface treatment ,  4 ml of collecting liquid; 0 ,  
without surface treatment ,  4 ml of collecting liquid; A, with surface 
treatment, 8 ml of collecting liquid; A, without surface treatment, 8 ml 
o f  collecting liquid; and 0, original sulfanilamide. Standard deviation 
bars for only representative batches are exhibited t o  avoid superim- 
posing. 


SQUARE ROOT OF RESIDENCE TIME, rnin' / l  
Figure 7-Drug release patterns of sulfamethoxazole matrixes i n  acidic 
solution. Key: 0 ,  f i n e  particle size, without surface treatment ,  1.5 g of 
wax; A, coarse particle size, without surface treatment ,  1.25 g of wax; 
A, coarse particle size, wi th  surface treatment ,  1.25 g of wax; 0, fine 
particle size, wi th  surface treatment ,  1.3 ml  of ethylcellulose solution; 
B, fine particle size, without surface treatment, 1.3 ml of ethylcellulose 
solution; and 0, original sulfamethoxazole. Standard deviation bars 
for only representative batches are exhibited t o  avoid superim- 
posing. 


release behavior of the sulfamethoxazole and sulfanilamide products in 
distilled water is seen in Figs. 5 and 6, respectively. Compared with the 
original particles, all sulfamethoxazole products prepared by both the 
melting and solution methods released the drug slowly, although the 
release rates varied extensively, depending on the preparation condition 
(Fig. 5). The release patterns of the agglomerates with wax became fairly 
straight lines. This finding indicates that the release process obeys the 


L'/ 
0 1 1 ' 1 1 1 1 1 1 1 1 1 ~ 1 1 1 1  


0 5 10 15 
SQUARE ROOT OF RESIDENCE TIME, 


Figure 8-Drug release pat terns  of sulfanilamide matrixes i n  acidic 
solution. Key: 0, with surface treatment ,  4 m l  of collecting liquid; 0 ,  
without surface treatment ,  4 ml of collecting liquid; A, with surface 
treatment, 8 ml o f  collecting liquid; A, without surface treatment, 8 ml 
o f  collecting liquid; and 0, original sulfanilamide. Standard deoiation 
bars for only representative batches are exhibited t o  avoid superim- 
posing. 
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SQUARE ROOT OF RESIDENCE TIME, mini'* 
Figure 9-Drug release pat terns  of sulfamethoxazole matrixes i n  al- 
kaline solution. Key: 0,  f ine  particle size, without surface treatment ,  
1.5 g of wax; A, coarse particle size, without surface treatment ,  1.25 g 
of war; A, coarse particle size, with surface treatment, 1.25 g of wax; 0, 
f ine  particle size, with surface treatment ,  1.3 ml of ethylcellulose solu- 
tion; W ,  f ine  particle size, without surface treatment ,  1.3 ml of e thyl-  
cellulose solution; and 0, original sulfamethoxazole. Standard deviation 
bars for only representative batches are exhibited to  avoid superim- 
posing. 
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Higuchi model (8), which explains the drug release process from a matrix 
as: 


Q = [ D ( 2 A  - C,)C,t]l/* (Eq. 1) 


where Q is the amount dissolved per unit area of exposure a t  time t ,  A 
is the total volume of drug present in the matrix per unit volume, C ,  is 
the solubility of the drug in the external phase of the matrix, and D is the 
diffusion constant. When C, << A ,  Eq. 1 can be transformed to a more 
convenient form to exhibit the release patterns described in Figs. 5-10 
(9): * 


C, = 100[S,(2DC,t/A)*/2] (Eq. 2 )  


where C, is the percentage of the drug dissolved and S,  is the specific 
surface area. 


The surface treatment significantly delayed the drug release rate from 
the products. The product with surface treatment still retained 90% of 
the drug after a 5-hr exposure to the solvent. The size reduction of the 
raw materials adversely affected the prolonged-release action of the 
products (Fig. 5). This result may have been due to the fact that  the fine 
particles can improve diffusivity in a matrix by their increased dissolution 
rate. The drug release rate of the agglomerate with ethylcellulose was 
faster than that of the agglomerates with wax, suggesting that the coating 
action of the ethylcellulose solution was weak compared with molten wax. 
The release pattern of the ethylcellulose product without surface treat- 
ment coincided with that of original sulfamethoxazole at  the initial stage, 
although it deviated later. Figure 5 indicates that  some uncoated drug 
on the product surface dissolved immediately on contact with the solvent, 
and the imbedded particles dissolved slowly at the later stage. 


The release rates of the sulfanilamide products were faster than those 
of sulfamethoxazole (Fig. 6). The literature value of sulfanilamide solu- 
bility (10) is 7.5 ghter  (25O), whereas sulfamethoxazole is characterized 
as insoluble in the JP. The higher solubility of sulfanilamide, leading to 
the higher intrinsic dissolution rate, might be responsible for the in- 
creased release rate of sulfanilamide products. However, when a large 
amount of collecting liquid was used, the release pattern became a 
straight line with a decreased slope (Fig. 6). The surface treatment also 
delayed the release rate. Thus, it was confirmed that surface treatment 
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Figure 10-Drug release patterns of sulfanilamide matrixes i n  alkaline 
solution. Key: 0, with surface treatment ,  4 ml of collecting liquid; 0, 
without surface treatment ,  4 ml of collecting liquid; A, with  surface 
treatment ,  8 ml of collecting liquid; A, without surface treatment ,  8 ml 
of collecting liquid; and 0, original sulfanilamide. Standard deviation 
bars for only representative batches are exhibited t o  avoid superim- 
posing. 


of the raw materials and the amount of collecting liquid played an im- 
portant role in controlling product release behavior. 


The release patterns of the agglomerates in the acidic solution are 
displayed in Figs. 7 and 8. The release rates of the original and the 
agglomerates of sulfamethoxazole with ethylcellulose became faster than 
in distilled water (Fig. 7). While the release rates of the agglomerates with 
wax were almost the same as in distilled water, the release rates of both 
original sulfanilamide and its products (Fig. 8)  were faster than in distilled 
water. The effects of the size and surface treatment of the raw materials 
on the release pattern of the products in Figs. 7 and 8 were similar to those 
in distilled water. 


In the alkaline solution, the product release rates of both sulfa- 
methoxazole and sulfanilamide were faster than in the other two media 
(Figs. 9 and 10). Enhancement of the release rate of sulfamethoxazole 
agglomerates with wax was particularly distinguished compared to the 
other products. The enteric-like action of the agglomerates with wax was 
proved by this finding. The fatty acid contained in the wax might be more 
soluble in the alkaline medium than in the acidic medium. In addition, 
the ester involved in the wax might be hydrolyzed more readily in the 
alkaline medium. These factors may promote the disintegration of the 
matrix and increase the release rate in the alkaline medium. 
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less than and greater than the given value. Thus, the me- 
dian parameters are selected by the user. Once selected, 
these intersection values are used to calculate predicted 
concentration values for each observed value. 


The performance of the DLP program is shown in the 
following example. Concentrations expected a t  time 0.5, 
1,1.5,2.0,3,4,5,10,12,14,16,20, and 24 hr were simulated 
for the biexponential equation: 


Ct = We-“& + 1&-Ow (Eq. 6) 


Error with a coefficient of variation of either 5 or 20?6 was 
randomly assigned to the simulated concentrations such 
that four of the 12 observations were affected by the larger 
error. The results are shown in Fig. 1. The program was 
used to strip the curve. Concentrations observed between 
10 and 24 hr were used for the &phase, and those between 
0.5 and 5 hr were used for the &-phase. The results of pa- 
rameter estimation using sequential regression (stripping) 
and the DLP method are shown in Table I. In this example, 
DLP produced better estimates of A and a (13.8 and 6.2% 


BOOKS 


error) than did sequential regression analysis (62.8 and 
31.2% error). Estimates of B and p were somewhat better 
using regression (1.2 and -2.5% error) than with the DLP 
method (13.8 and 6.2% error). The large errors made by 
regression analysis in estimating A and a indicate that 
DLP estimates for the entire curve were superior. 


The determination of the importance of the DLP 
method of parameter estimation in pharmacokinetics will 
require further experimentation. It is hoped that the de- 
scribed program will facilitate this process. 


(1980). 
(1) I,. Endrenyi and H.-Y. Tang, Comp. Riomed. Res., 13, 430 
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REVIEWS 


Introduction to Pharmaceutical  Dosage Forms. By HOWARD C. 
ANSEL. Lea & Febiger, Washington Square, Philadelphia, PA 19106. 
1981.408 pp. 18.5 X 26 cm. 
The format and presentation of this third edition are the same as in 


the previous one, but the material has been revised to the current official 
compendia. The book is intended “to introduce the beginning pharmacy 
students to medicinal and pharmaceutic substances, the methods of their 
incorporation into pharmaceutical dosage forms, and the utilization of 
these forms in patient care.” 


The discussions on heritage, terminology, code of ethics, regulations, 
and drug substances should satisfactorily orient beginning students in 
their first professional course in pharmacy. The appendix defines drug 
categories and discusses measurements, and tables of official preparations 
are given. Pharmaceutical products are logically treated from the view- 
point of administration route, and the classes of pharmaceutical prepa- 
rations also are discussed. Numerous photographs illustrate equipment, 
processing, and packaging. 


However, the presentation of dosage form design in terms of bio- 
pharmacy, formulation, and practice is inadequate. Whether the cur- 
riculum of a college is arranged to present a preparations-physical 
pharmacy sequence or a technology series of courses, the scope of this text 
restricts i t s  use to an orientation course because of i t s  superficial pre- 
sentation of theory and pharmacy principles and limited discussion of 
techniques and manufacturing principles. 


Reuiewed by Eugene I,. Parrott 
College of Pharmacy 
Uniuersity of Iowa 
Iowa City, I A  52242 


Pharmaceutical Calculations, 2nd Ed. By JOEL L. ZATZ. John Wiley 
&Sons, 605 Third Ave., New York, NY 10016.1981.388 pp. 13.3 X 25 
cm. Price $17.50. 
Pharmaceutical calculations continues to be one of the most frwtrating 


subjects to teach in any pharmacy curriculum. The complete accuracy 


required in answering many problems, the mixing of different metrology 
systems, the frequent use of conversions, and the simultaneous intro- 
duction of pharmaceutical terminology confound many students. This 
ongoing dilemma has resulted in pharmaceutical calculations being 
taught and evaluated in a variety of ways a t  different schools of pharmacy. 
No single textbook can solve the distress frequently associated with 
calculations, but Joel Zatz’s second edition goes a long way to making it 
all more bearable. 


The book is longer than the first edition by 77 pages because it now has 
an appendix containing instruction and problems on temperature con- 
version, alcohol proof strength, and sodium chloride equivalents in ad- 
dition to the inclusion of alligation and a greatly expanded section on 
milliequivalents. 


The cover of the book describes the structure of the text succinctly: 
“The progression of topics within each chapter and in the overall struc- 
ture of the book constitutes a programmed format that permits self-paced 
learning and builds upon previously learned concepts to reinforce un- 
derstanding. Studtnts participate actively and are able to concentrate 
on calculations that are most difficult for them. Emphasis is on practical 
approaches to meeting accuracy requirements in filling prescriptions and 
manufacturing.” 


This book is designed to fit into the usual first general pharmacy course, 
to serve as a text in a calculations course or as a self-instruction t ex t  apart 
from the formal classroom, or to be an aid for review, and it does all of 
these well. 


It is difficult to find much about the text to criticize. About all one can 
say is that it does not contain a section on commercial arithmetic which 
some instructors prefer to include in their course, and there are a few 
prescription problems for oral preparations containing amaranth (Red 
No. 2) which was banned in time to have been deleted from the new 
edition. 


In conclusion, while working examples from the text, the reviewer finds 
it refreshing to solve for “j” (for Joel?) rather than to always hunt for the 
usual unknown “x.” 


Heoiewed by E. Roy Hammarlund 
School of Pharmacy 
Department of Pharmaceutics 
Uniuersity of Washington 
Seattle, WA 98195 
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Table VI-Summary 
Best-Fit Analysis for 
M Phosphate Buffer 


of Par t ia l  Saturation Experiments and 
’ Aged Pellets i n  5% Sodium Cholate and 0.1 
at DH 8.00 


Table VII-Summary of Partial Saturation Experiments and 
Best-Fit Analysis for  Soaked Pellets in 5% Sodium Cholate and 
0.1 M Phosphate Buffer at pH 8.00 


Best-Fit Analysis 
Revolutions Cs , P x 104, D X lo6, 


C,”, mg/ml per Minute mg/ml cm/sec cm2/sec 


Best-Fit Analysis 
Revolutions Cs , P X lo4, D X lo6, 


C,”, mg/ml per Minute mg/ml cm/sec cmZ/sec 


1.73 20 1 
1.72 1.73 li!} 1.75 1.39 1.26 
1.73 450 


1.40 20 
1.40 1.42 lE:] 1.41 0.39 1.26 
1.42 450 


a From extrapolation of partial saturation data. 


similar, leaving the pellet a t  35O and ambient humidity for 24 hr may 
effectively dehydrate the outer surface layer, thereby making the pellet 
anhydrous. After initial dissolution removes the outer layer, dissolution 
again is controlled by the more slowly dissolving monohydrate layers. 


Another possible explanation for this dissolution pattern is that pellet 
dehydration is not just a phenomenon of the outer surface layer but that 
the internal portions of the pellet also dehydrate. When the pellet con- 
tacts the dissolution medium, the more rapidly dissolving anhydrous 
material is removed from the surface. Dissolution from the internal 
portions of the pellet now is controlled by both anhydrous cholesterol 
and cholesterol monohydrate. The deeper the dissolution goes into the 
pellet, the less anhydrous material is present. As the curvature becomes 
greater, more cholesterol monohydrate probably is exposed; thus, dis- 
solution slows and begins to approach the dissolution rate of a normal 
pellet. 


As shown in Fig. 4, pellets exposed to ambient humidity for 24 hr at  
35’ and then soaked in double-distilled water at  37O for 24 hr showed 
linear dissolution, which indicates that soaking of an aged pellet effec- 
tively rehydrates the pellet. This rehydration is seen in the fact that the 
solubilities for the soaked and normal pellets are similar. However, the 
reformation of the monohydrate is probably not to the original state, 
perhaps because of precipitation of cholesterol onto the pellet surface. 
The newly formed crystals might be another polymorph of cholesterol 
monohydrate or they might be more perfect crystals (fewer defects) with 
fewer effective sites available for dissolution. The lower dissolution rate 
seen for the soaked pellet can be accounted for by either explanation. If 
dissolution of the soaked pellet is studied for a long period (-24 hr), a 
second linear portion is seen in the dissolution profile. Its slope is closer 
to that of the normal pellet. 


CONCLUSION 


From this analysis, the need for a uniform experimental procedure can 
be seen. If investigators hope to reproduce results within their own lab- 


From extrapolation of partial saturation data. 


oratories as well as reproduce other investigators’ findings, standard 
experimental procedures must be defined and used. 
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Abstract D Procedures are described for the analysis of the main an- 
thraquinone glycosides of senna powder, senna fruit tablets, and sen- 
noside tablets by high-pressure liquid chromatography (HPLC). In one 
HPLC analysis, TLC was used to separate the glycosides prior to elution 
on a strong anion-exchange column with 0.1 M ammonium nitrate solu- 
tion (pH 9.0) as the mobile phase. In another HPLC analysis, separation 
was effected using a weak anion-exchange column with 0.1 A4 ammonium 
nitrate solution (pH 5.7) as the mobile phase. 


Keyphrases Sennosides A and B-high-pressure liquid chromato- 
graphic analysis, separation of isomers from crude drug and pharma- 
ceutical preparations 0 Anthraquinone glycosides-high-pressure liquid 
chromatographic assay, separation of isomeric sennosides A and B from 
crude drug and pharmaceutical preparations o High-pressure liquid 
chromatography-analysis, anthraquinone glycosides, separation of 
isomeric sennosides A and B from( crude drug and pharmaceutical 
preparations Cathartics-anthraquinone glycosides, isomeric senno- 
sides A and B, high-pressure liquid chromatographic analysis 


The pods and leaves of senna as well as the pharma- 
ceutical preparations containing sennosides A and B are 
widely used in medicine because of their laxative proper- 


ties. An accurate, simple, and easy method is needed for 
estimation of sennosides A and B individually. 


The most commonly used approach involves removal 
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Figure 1-Chromatogram of sennosides A (2) and R ( I ) .  The column 
was 600 X 2 mm i d .  (DuPont), strong anion exchange (30-40 pm). The 
mobile phase was ammonium nitrate solution (0.1 M, pH 9.0). UV de- 
tection was a t  254 nm. 


of free aglycones by partitioning into an organic layer, 
hydrolysis and oxidation of the glycosides into aglycones 
and sugars, formation of colored derivatives by the action 
of aqueous alkali on the liberated aglycones, and absorp- 
tion spectrophotometry (1-6). This procedure is not spe- 
cific since i t  does not distinguish between the isomeric 
sennosides A and 3 but gives only a total sennoside con- 
tent. Moreover, the procedure is ineffective since bian- 
thrones such as the sennosides are not oxidized completely 
to anthraquinones (7, 8). The presence of several bian- 
thrones in senna, rhubarb, cascara, and frangula suggested 
the need for a new assay. 


The low concentrations of highly labile glycosides in 
their pharmacologically active forms in purgative drugs 
make liquid chromatography at ambient temperatures an 
attractive choice. Application of high-pressure liquid 
chromatography (HPLC) to the detection and separation 
of free and combined anthraquinone compounds has been 
reported (9-14), but HPLC has not been extended to the 
quantitation of anthraquinone glycosides in drugs and 
pharmaceutical preparations. This work attempted such 
a quantitation. 


EXPERIMENTAL 


Materials-The authentic glycosides used were sennosides A and B. 
The drugs analyzed include powdered senna pods, senna fruit tablets' 
(each tablet contained sennosides A and B equivalent to 7.5 mg of sen- 
noside B per tablet), and sennoside tablets2 (each tablet contained 12 mg 
of sennosides A and B as calcium salts). 


The HPLC eluates were monitored by UV detection a t  254 nm. The 
strong anion-exchange columns used were 600 X 2 mm i.d., 30-40-pm 
particle size3, and 125 X 4 mm i.d., 10-pm particle size4. The weak 
anion-exchange column was 600 X 2 mm id., 30-40-pm particle size5. An 
electronic integrator6 was used for peak area measurement. 


Silica gel was used for TLC. Precoated plastic sheets of silica gel (0.25 
mm) containing a fluorescent indicator for UV detection a t  254 nm also 
were used. 


n-Propanol, ethyl acetate, ammonium hydroxide, nitric acid, and 
ethanol were analytical reagent grade. Aqueous reagents were prepared 
in deionized water, and all glassware was scrupulously cleaned. 


TLC-The reference solution was prepared by dissolving sennoside 
A (-2 mg, accurately weighed) in the TLC mobile phase (1 ml) with gentle 
warming to effect complete dissolution. A reference solution of sennoside 
B was prepared similarly. 


The test solution of senna powder, senna fruit tablets, or sennoside 


Senokot tablets, Reckitt and Collman. 
Pursennid tablets, Sandoz Products Ltd. 
Zipax. 
Partisil. 
AL Pellionex. 
Minigrator. 


I 


t t 


S 


Figure 2-Chromatogram of sennosides A (2) and B (1) .  The column 
was 125 X 4 mm i.d. (Partisil), strong anion exchange (10 rm). The 
mobile phase was ammonium nitrate solution (0.1 M, pH 7.5) and 15% 
ethanol. UV detection was a t  254 nm. 


tablets was prepared by putting the powdered drug (-0.4 g of senna 
powder or senna fruit tablet powder or 0.2 g of sennoside tablet powder, 
accurately weighed) in a round-bottom flask and adding 5 ml of etha- 
nol-water (50:50 v/v). The flask was weighed with its contents, a reflux 
condenser was attached, and the flask was heated in a boiling water bath 
for 15 min. Then the flask was cooled and adjusted to the original weight 
with ethanol (50% in water), and the contents were transferred to acen- 
trifuge tube and centrifuged. The clear supernate was used for TLC 
spotting. 


Aliquots (10 pl) of each standard and test solution were applied to the 
same chromatoplate, allowed to dry, and developed over a path of -10 
cm using n-propanol-ethyl acetate-water (404030 v/v/v) as the devel- 
oping solvent. The solvent was allowed to evaporate at roam temperature, 
and the chromatoplate was examined under UV light to determine the 
spots corresponding to those of the standards. 


HPLC of TLC Spots-Ten TLC spots from each authentic sennoside 


t cc 
t 


Figure 3-Chromatogram of the aqueous extract of senna. The column 
was 600 X 2 mm i.d. (AL Pellionex), weak anion exchange (30-40 am). 
The mobile phase was ammonium nitrate solution (0.1 M, pH 5.7). UV 
detection was a t  254 nm. Key: 1, sennoside B; and 2, sennoside A. 
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Table I-Sennosides A and B Content8 of Purgative Drugs as 
Determined by HPLC 


Sennoside A Sennoside B Label 


Sample mg(SAXb) SAXb WAX" Assay) 
Content, Content, mg (Colorimetric 


Senna (per gram) 14.2 13.9 14.3 28.6 
Senna fruit tablets 3.5 3.3 3.62 7.5 


Sennoside tablets 5.9 5.8 6.05 12.0 
(per tablet) 


(per tablet) 


a Mean of three determinations. * SAX = strong anion-exchange column (30-40 
pm) with 0.1 M ammonium nitrate solution (pH 9.0) as the mobile phase. c WAX 
= weak anion-exchange column (30-40 pm) with 0.1 M ammonium nitrate solution 
(pH 5.7) as the mobile phase. 


spot were extracted with the HPLC mobile phase (1  ml), and a 10-pl 
portion was injected into the chromatograph and eluted under the fol- 
lowing conditions. Column 1 was Zipax, strong anion exchange (30-40 
pm), with a mobile phase of 0.1 M ammonium nitrate solution (pH 9.0). 
Column 2 was Partisil, strong anion exchange (10 pm), with a mobile 
phase of 0.1 M ammonium nitrate solution (pH 7.5) and 15% ethanol. The 
flow rate was 1 ml/min. UV detection was at  254 nm, and attenuation was 
set a t  X16. 


Ten TLC spots of the crude senna drug corresponding to sennoside 
A were extracted with the HPLC mobile phase (1  ml) and eluted under 
the same experimental conditions as for the authentic sennosides. 


Similarly, 10 TLC spots corresponding to sennoside B in the crude 
senna drug were extracted with the HPLC mobile phase (1 ml) and eluted 
under the same experimental conditions as for the authentic sennosides. 
The sennosides A and B content of senna fruit tablets and sennoside 
tablets also was determined using the same experimental procedure and 
conditions as outlined for crude senna drug. 


Direct HPLC Analysis-Sennosides A and B were dissolved in 0.1 
M ammonium nitrate (pH 5.7) containing a trace of ammonia solution 
to give a concentration of -1 mg/ml each. Aliquots (10 p1) were injected 
into the chromatograph under the following conditions. The column was 
AL Pellionex weak anion exchange (30-40 pm), with a mobile phase of 
0.1 M ammonium nitrate (pH 5.7) at a flow rate of 1 ml/min. UV detection 
was a t  254 nm, and attenuation was set a t  X16. 


Senna pods or senna fruit tablets (-0.5 g of each drug powder, accu- 
rately weighed) was placed in a round-bottom flask with deionized water 
(10 ml). After the flask was weighed with its contents, i t  was refluxed in 
a boiling water bath for 15 min, cooled, and adjusted to the original weight 
with deionized water. The aqueous extract was centrifuged, and portions 
of the clear supernate (10 pl) were chromatographed or were mixed with 
the authentic sennoside solutions and then chromatographed. The same 
elution conditions were used as for the standard solutions. 


In the assay of sennoside tablets, one tablet was ground to a fine powder 
and then triturated with the mobile phase (5 ml). The suspension ob- 
tained was centrifuged and 10-pl portions of the clear supernate were 
chromatographed or were mixed with the authentic sennoside solutions 
and then chromatographed under the same conditions used for the 
standard solutions. 


RESULTS AND DISCUSSION 


Preliminary investigations showed that the use of different solvents 
for extraction did not affect the yield or form of the sennosides. This 
finding is in agreement with the observation of previous workers (15,16) 
who found that hot water or water containing up to 70% methanol, eth- 
anol, or acetone effects extraction of most glycosidal contents in a 
drug-percolate ratio of 1:6. Comparison of the high-pressure liquid 
chromatograms of the drug extracts containing authentic sennosides with 
those that, did not confirmed the presence of the sennosides in the 
drugs. 


Variations of the HPLC elution parameters (pH and ionic strength) 


Figure 4-Chromatogram of sennosides A (2) and B (1). The column 
was 600 X 2 mm i.d. (AL Pellionex), weak anion exchange (30-40 pm). 
The mobile phase was ammonium nitrate solution (0.1 M, pH 5.7). UV 
detection was at 254 nm. 


n 
* n 


L t 


Figure 5-Chromatogram of the ammonium nitrate extract of sen- 
noside tablets. The column was 600 X 2 mm i.d. (AL Pellionex), weak 
anion exchange (30-40 pm) .  The mobile phase was ammonium nitrate 
solution (0.1 M, pH 5.7). UVdetection was at 254 nm. Key: 1, sennoside 
B; and 2, sennoside A. 


showed that the optimum conditions for the elutions of sennosides A and 
B in the two strong anion exchangers included 0.1 M ammonium nitrate 
(pH 9.0) in the larger particle chromedium and 0.1 M ammonium nitrate 
(pH 5.7) containing 15% ethanol in the 10-pm chromedium. At  the op- 
timum operational conditions, pure sennosides A and B had symmetrical 
peaks with good peak width and retention times, and they were well 
separated from each other. However, the resolution obtained on the larger 
particle chromedium was better than that obtained on the smaller particle 
chromedium (Figs. 1 and 2). Ethanol had to be added to the ammonium 
nitrate mobile phase to obtain elution of the glycosides on the 10-pm ion 
exchanger within a reasonable time. Alcohol molecules probably block 
the active adsorption sites on the chromedium, resulting in faster elution 
of the glycoside molecules. 


The chromatogram obtained for senna fruit tablets was similar to that 
for senna pods on both the strong and weak anion-exchange columns (Fig. 
3). This result was expected since senna fruit tablets are made from 
powdered senna pods. It was anticipated that the 10-pm strong anion 
exchange chromedium would produce better resolution than the larger 
particle chromedium (30-40 pm) and that the resolution might free the 
sennosides from unwanted matter. However, both strong anion-exchange 
systems, at  the optimum elution conditions, did not achieve this end, 
making direct quantitation of the sennosides A and B content of the drug 
extracts impossible. However, elutions on the strong anion-exchange 
column (30-40 pm) with ammonium nitrate (pH 9.0) as the mobile phase 
gave improved separation of peaks with a decrease in the ionic strength 
of the mobile phase. The chromatogram of a 0.02 M ammonium nitrate 
solution showed that sennoside A was completely separated from all other 
peaks, although the retention time was very long (48 min) and the peak 
width was broad (3 cm). Therefore, direct HPLC quantitation of sen- 
noside A in the crude purgative drug and pharmaceutical preparations 
might be possible using solvent programming. 


TLC of pure sennoside A showed a major spot of Rf 0.31 and a minor 
spot of RI 0.51 due to an impurity. TLC of pure sennoside B showed a 
major spot of Rf  0.16 and two minor spots of Rf 0.34 and 0.048 due to 
impurities (6, 8). Sennosides A and B in the drug samples were well 
separated by TLC. The results of the assay based on HPLC of the TLC 
spots are shown in Table I. 


In the direct HPLC elutions of the aqueous extracts of senna pods, 
senna fruit tablets, and sennoside tablets using the weak anion-exchange 
column, only sennoside B was well separated from all othercomponents 
of the drug constituents. Thus, it was possible to estimate only the sen- 
noside B content of the drug by comparison of the peak area with that 
of authentic sennoside B solution of known concentration (Table I and 
Figs. 3-5). 


The ion-exchange chromatographic separation of the sennosides from 
the other drug constituents is based on the presence of a carboxylic acid 
functional group on the sennoside molecules. Since sennosides A and B 
have the same functional groups and the same molecular configuration, 
the separation of one from the other on the ion-exchange column must 
include some other phenomenon (e.g., hydrogen bonding, polar inter- 
action, adsorption, or van der Waals forces) in addition to the reversible 
e x c h a n g m e t w e e n  th t  solute and the electrolyte gel. 
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Abstract 0 Several potential mechanisms for reduced levodopa bio- 
availability following oral administration to dogs and humans were in- 
vestigated by studying the influence of the administration route on 
plasma levodopa levels after intravenous, hepatoportal, and duodenal 
administrations to dogs. The observed average areas under the plasma 
concentration-time curves (AUC) of levodopa following hepatoportal 
injection and intravenous injection were virtually identical; but following 
duodenal administration a decrease in the AUC of levodopa was observed 
with a concomitant increase in the AUC of total dopamine. The possible 
involvement of intestinal microorganisms in levodopa metabolism was 
explored in dogs that had been administered a combination of paro- 
momycin and kanamycin to reduce intestinal microflora. Similar patterns 
of plasma level profiles and urinary excretion were observed between 
control and treated dogs. As measured by the release of [14C]carbon 
dioxide from [14C]levodopa, the distribution of levodopa decarboxylase 
enzyme activity in various parts of the intestine was studied in homoge- 
nates prepared from isolated intestinal segments of the duodenum and 
upper, middle, and lower parts of the jejunum and ileum. The jejunum 
showed the highest decarboxylase activity followed by the ileum and 
duodenum. These data indicate that the reduced bioavailability of orally 
administered levodopa occurs as a result of metabolism by levodopa 
decarboxylase enzyme in the gut wall. 


Keyphrases Levodopa-bioavailability, effect of administration route, 
metabolism, intestinal microorganisms, levodopa decarboxylase Bio- 
availability,-levodopa, effect of administration route Antiparkinsonian 
agents-levodopa, effect of administration route on bioavailability 


Previous studies (1, 2) reported that, based on the 
measurement of levodopa and its metabolites recovered 
in the urine, the total amount absorbed, including levodopa 
metabolites, was 80-90% of the administered dose. How- 
ever, the measurements of plasma levodopa concentrations 
after intravenous and oral administrations indicated that 
20-40% of the administered dose reached the fluids of 
distribution intact. 


The present study with levodopa was carried out in dogs 
to elucidate the mechanisms responsible for the low bio- 
availability of orally administered levodopa. 


EXPERIMENTAL 


Influence of Administration Route on Plasma Levodopa Levels 
and Its Metabolites in Dogs-Nine healthy male beagle dogs, 10.5-13.2 
kg, were fasted for -16 hr and divided into three groups. They were 
anesthetized with 25 mg of pentobarbital sodium/kg iv. The first group 
was administered 20-mg doses of levodopa’ into their brachial vein over 
30 sec. After the dogs in the second group were fixed on their backs, a 
laparotomy was performed and levodopa solution1 was administered 
directly into the hepatoportal veins over 30 sec. A laparotomy was per- 
formed in the third group, a 20-cm segment of the duodenum was ligated, 
and levodopa solution was administered into the ligated loop. 


Blood samples were withdrawn from each animal with a heparinized 
syringe from the femoral or brachial vein at  the time intervals indicated 
in Fig. 1. The blood specimens obtained were processed as described 
previously (1,3). The third group was killed by exsanguination imme- 
diately after the last blood sample was collected, and the ligated duodenal 
loops were removed to determine residual levodopa and its metabolites 
in the duodenal loops where levodopa was administered. The contents 
of the duodenal loops were washed with saline and then three times with 
0.04 N HC104 solution. The irrigating solutions were assayed for residual 
levodopa and its metabolites. 


Influence of GI Microorganisms on Oral Levodopa Absorp- 
tion-Two healthy male mongrel dogs, 6.0 and 11.8 kg, were orally ad- 
ministered a single capsule containing 110 mg of paromomycin and 100 
mg of kanamycin. Two control dogs also were used. The dogs were 
anesthetized with intravenous injection of 25 mg of pentobarbital so- 
diumhg. After anesthetization, a laparotomy was performed and a series 
of intestinal loops were made by ligating segments of the stomach, duo- 
denum, and jejunum. The contents of each segment were suspended in 
saline solution and diluted with 0.1% phosphate buffer (pH 7.2). The 


Dopaston Injection, Sankyo Co., Tokyo, Japan. 
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vidual radii. The equations describing the radii are obtained from Eq. 
6: 


drAsA - DASACASA + DASA-CAFMASA~SA-CAF (Eq. A13) 
dt (h + rPH - rASA)XASAP 


(Eq. A15) 


where: 


XPH + XASA + XCAF = 1 (Eq. A16) 


At  25O, the equations can be written as: 


cm/sec (Eq. A18) drcAi - 2.22 x 10-7 
dt (30 x + TPH - rCAF)XCAFP 


(Eq. A19) 


These equations are coupled (rAS.4 is a function of rpH, etc.). For given 
values of Xi and p, these equations can be solved simultaneously to yield 
rAS.4, TCAF, and rpH as a function of time. A fourth-order Runge-Kutta 
procedure (8) was used in this study to solve these equations. When the 
radii are evaluated, thehtantaneous fluxes may be calculated from Eqs. 


A10-A12. The average fluxes may be calculated using Eq. 12. 
The equations describing the cases in which either aspirin or caffeine 


is the outer layer can be obtained similarly. The equations describing the 
hypothetical case In which aspirin and caffeine do not interact are ob- 
tained by setting C ~ ~ A - ~ A F  to zero in these equations. 
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Abstract A sensitive and specific analytical method for the mea- 
surement of sulconazole in plasma is described. The compound was ex- 
tracted from plasma at  pH 10 with hexane-methylene chloride. Samples 
were subjected to high-pressure liquid chromatography (HPLC) using 
an acetonitrile-phosphate buffer mixture as the mobile phase. The 
components of interest were measured using a variable-wavelength de- 
tector at  229 nm. Sulconazole concentrations of 10.5 kg/ml can be 
measured with confidence using this method. Linear calibration curves 
were constructed over the concentration range of 0.5-5 Fg/ml for sulco- 
nazole from dog plasma. A dog was administered a single oral 1000-mg 
dose of tritiated sulconazole nitrate; total plasma radioactivity and sul- 
conazole plasma levels determined by HPLC are reported. 


Keyphrases Sulconazole-reversed-phase high-pressure liquid 
chromatographic analysis in plasma High-pressure liquid chroma- 
tography-analysis of sulconazole in plasma 0 Antifungal agents-sul- 
conazole, reversed-phase high-pressure liquid chromatographic anal- 
ysis. 


Sulconazole nitrate, l-[/3-(4”-chlorobenzylthio)-2’, 
4’-dichlorophenethyl]imidazole mononitrate (I), is a po- 
tential new antimycotic agent1 developed for human use. 
Since it is necessary to conduct animal toxicity studies 
supported by plasma level data for new drugs, a sensitive 
and specific analytical method was developed. 


A high-pressure liquid chromatographic (HPLC) 
method for the determination of econazole, a structural 


Syntex, Palo Alto, Calif. 


analog of sulconazole, was described previously (1). Direct 
application of this extraction-injection method to sulco- 
nazole analysis provided unsatisfactory chromatography. 
Interfering peaks at the retention time of the compounds 
of interest were observed, and laborious distillation of ether 
prior to extraction to remove peroxides did not prevent 
random oxidative degradation of sulconazole. 


This paper describes a reversed-phase HPLC method 
for the measurement of sulconazole in plasma using a 
structurally related analog as the internal standard. The 
method was applied to the measurement of sulconazole in 
the plasma of a dog given a single oral dose of 1000 mg of 
tritiated sulconazole nitrate. 


EXPERIMENTAL 


Reagents and Materials-All solvents2 were distilled-in-glass and 
liquid chromatography grade. All chemicals’, available in-house, were 
analytical grade and were used without further purification. Inorganic 
reagents were prepared in purified water3. Standard solutions of sulco- 
nazole were prepared in methanol a t  the following concentrations: 40 
,ug/ml (stock solution) and 20, 16, and 4 pg/ml (spiking solutions). The 
internal standard solution was prepared in methanol a t  a concentration 
of 100 pg/ml. Solutions were stored at  4”. Standard solutions were pre- 
pared every 2 weeks. 


Burdick 81 Jackson Laboratories, Muskegon, Mich. 
Milli Q System, Millipore Corp., Bedford, Mass. 
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Extraction-Plasma (400 pl) was added to 400 pl of purified water 
in a 15-ml test tube. Samples were then fortified with the internal stan- 
dard at the 12.5-pg/ml level (50 pl of 100 pg/ml of spiking solution) and 
made alkaline by the addition of 100 pl of 1 N potassium hydroxide. This 
mixture was extracted with 6 ml of hexane-methylene chloride (1:l). 
Tubes were shaken on a tilter for 3 min, and samples were then centri- 
fuged4 a t  4000 rpm for 6 min. The upper organic layer was transferred 
to a 15-ml conical test tube and was blown to dryness under nitrogen. 
Samples were reconstituted in 100 pl of methanol, and 25 p1 was injected 
onto the Chromatograph. 


Preparation of Standard Curve-Samples of control plasma were 
spiked with subconazole at concentrations of 0.5,1.0,2.5,4.0, and 5.0 pg/ml 
and with the internal standard a t  a fixed concentration of 12.5 pg/ml. 
Concentrations of sulconazole were calculated from calibration curves 
constructed by plotting the ratio of the peak height of sulconazole to the 
peak height of the internal standard versus the concentration of sulco- 
nazole spiked. 


k ! ' , , , , , ,  7 


0 2 4 6 8 1012 14 
MINUTES 


Figure 2-Chromatogram of plasma forti- 
fied at the 0.5-pg/ml level with I and at the 
12.5-pg/ml level with II. 


HPLC and Chromatography Conditions-A high-pressure liquid 
chromatograph5 was equipped with a solvent programmer, an injector, 
and a spectrophotometric variable-wavelength detector6 set at 229 nm. 
Samples were analyzed on a 4-mm X 30-cm reversed-phase column7 fitted 
with a 4-mm X 8-cm precolumn8. The mobile phase was a solvent system 
of acetonitrile-0.01 M NaHzP04 buffer (pH 8.0,66:34), and the flow rate 
was 2 ml/min. 


Each day, prior to sample injection, the column was equilibrated with 
mobile phase for -20 min or until a level baseline was achieved. To check 
column suitability, a 25-p1 aliquot of standard solution of sulconazole (20 
pg/ml) and the internal standard (50 pglml) in methanol was injected 
onto the chromatograph under the described conditions. The suitability 
of the column was established by following three chromatographic pa- 
rameters: 


1. Resolution (R). The column was considered acceptable if the reso- 
lution of sulconazole and the internal standard was equal to or better than 
baseline separation or an R value of 1.5 as determined by the resolution 
equation (2). 


2. Peak height ratio. A maximum variation of 5% for peak height ratio 
for injection on the same day was acceptable before major changes in the 
solvent system or column were implemented. 


3. Retention time. The retention times for sulconazole and the internal 
standard were -7 and 10 min, respectively. Retention times for replicate 
injections on a single day were not expected to vary by more than 5%. 


0 2 4 6 8 1012 
MINUTES 


0 2 4 6 8 1 0 1 2  
MINUTES 


MINUTES 


Figure 1-Chromatogram of unfortified 
plasma. Conditions were a pBondapak CIS 
column, acetonitrile-0.01 M NaH2P04 
buffer (pH 8.0) as the mobile phase, and a 
Z-mllmin flow rate. 


Model HNS. IEC, Needham, Mass. 


Figure 3-Chromatogram Figure 4-Chromatogram 
of plasma sample from a of plasma fortified at the 
dog 6 hr after dosing with 5-pglml level with I and at 
1000 rng of tritiated sulco- the 12.5-pgglmt level with 


11. nazole nitrate. 


5 Model ALCKPC-PO4 with U6K injector and model 660 solvent programmer, 


6 Model 770, Schoeffel, Westwood, N.J. 
Waters Associates, Milford, Mass. 


~Bondapak CIS, Waters Associates, Milford, Mass. 
CoPell ODS, Whatman Inc., Clifton, N.J. 
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Table I-Plasma Levels of Total Sulconazole Nitrate 
Radioequivalents and Concentration of Unchanged Drug in a 
Dog Given Tritium-Labeled Sulconazole Nitrate (1000 mg) 


Hours after Sulconazole Radioequivalents in Unchanged 
Dosing Plasma, rc.g/ml Sulconazole, rc.p/ml 


0.5 
1.0 
2.0 
4.0 
6.0 
8.0 


24.0 
48.0 
72.0 
96.0 


168.0 


1.150 
4.343 


12.356 
14.755 
15.929 
14.772 
6.864 
4.623 
3.645 
3.331 
2.379 


BDL” 
1.27 
4.81 
2.64 
1.45 
0.90 
BDL 
BDL 
BDL 
BDL 
BDL 


0 Below detectable level. 


Dog Experiment-A female beagle received loo0 mg (four capsules) 
of tritiated sulconazole nitrate after an overnight fast. A 20-ml water wash 
immediately followed the dose, and feeding was resumed 4 hr after dosing. 
Blood samples were drawn at  0.5, 1, 2,4,6,8, 24,48,72, 96, and 168 hr 
following drug administration. Plasma levels of sulconazole nitrate ra- 
dioequivalents and unchanged sulconazole were determined in these 
samples. 


Total Sulconazole Radioequivalent Determination-Total sul- 
conazole radioequivalents in dog plasma were determined by liquid 
scintillation spectrometry. Plasma samples of 0.14.2 ml were mixed with 
10 ml of scintillation fluid9. Corrections were made for quenching and 
machinelo efficiency hy the automatic external standard method. 


RESULTS AND DISCUSSION 


A sensitive and specific HPLC method was developed that utilized the 
natural 229-nm UV-absorbing property of sulconazole, measuring levels 
of 20.5 pg/ml. 


A structurally similar compound miconazole nitrate 1-[2-(2,4-dichlo- 
rophenyl)-2-(2,4-dichlorobenzyloxy)ethyl]imidazole mononitrate (11), 
was used as the chromatographic internal standard. This compound 
possesses UV, extraction, and chemical properties similar to sulconazole 
and was chromatographically resolved under the described conditions. 


Good chromatography was achieved by employing a relatively nonpolar 
extracting solvent containing no oxidants and a solvent system at  a 
slightly basic pH. Reproducibility of this method was shown by con- 
struction of calibration curves over the concentration range of 0.5-5.0 
fig/ml. The coefficients of variation obtained for the calibration curve 
points were 3.92,2.05,1.20,2.5, and 1.09%, respectively (n = 5) .  A chro- 
matogram of an unfortified plasma sample is shown in Fig. 1. Chro- 
matograms of plasma samples fortified with 0.5 and 5 pg/ml of sulcona- 
zole are shown in Figs. 2 and 3, respectively. A chromatogram of a plasma 
sample taken from a dog 6 hr after oral dosing with a 1000-mg capsule 
of sulconazole nitrate is shown in Fig. 4. 


A plasma sample from a dog dosed with sulconazole was extracted with 
methanol and subjected to TLC. An authentic sulconazole standard was 
run alongside on the same plate. The plate was developed with an am- 
monium hydroxide-chloroform-methanol system (1:99:1). After drying, 
1-cm sections of the plate were scraped into liquid scintillation vials and 
counted for radioactivity. Based on Rf values, it was determined that the 
percentage of radioactivity at the sulconazole Rf value represented the 


Oxifluor-H20, New England Nuclear, Boston, Mass. 
Scintillation counter, Packard Instrument Co., Chicago, Ill. 
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Figure 5-Plasma levels of total sulconazole nitrate radioequivalents 
(0) and concentration of unchanged drug (m) in a dog given I000 mg 
of tritium-labeled sulconazole nitrate. 


same fraction of the total radioactivity as the level of sulconazole obtained 
by HPLC. These TLC data support the identity of the HPLC peak at the 
retention time of sulconazole. 


The overall recovery of sulconaz.de through the method was established 
by spiking plasma with tritiated sulconazole and processing the samples 
through the procedure. Radioactivity in the sample prior to injection onto 
the chromatograph was determined, and the recovery of sulconazole was 
85%. 


The developed method was applied to the analysis of plasma samples 
from a dog dosed with 1000 mg of tritiated sulconazole nitrate. Concen- 
trations of total sulconazole radioequivalents and unchanged sulconazole 
in plasma are shown in Table 1 and Fig. 5.  The peak unchanged sulco- 
nazole plasma level occurred at 2 hr following dose administration, and 
the peak total sulconazole radioequivalent level occurred at  6 hr after 
dosing. The half-life of unchanged sulconazole in this dog was 2 hr. The 
half-life observed for the total sulconazole radioequivalents was 15 hr. 
The data demonstrate that in the one animal studied, orally administered 
sulconazole is rapidly and extensively metabolized. 
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Abstract 0 A quantitative GLC assay with flame-ionization detection 
capable of detecting nanogram quantities of hydrocortisone, triamcin- 
olone acetonide, and desonide in biological fluids was developed. This 
assay consisted of two extractions of the glucocorticoids from 1 N sodium 
chloride-treated cell culture media into ethyl acetate and subsequent 
double derivatization with methoxyamine and N-trimethylsilylimidazole. 
The chemical structures of methoxime-trimethylsilyl derivatives were 
confirmed by GLC-mass spectrometry. The methoxime-trimethylsilyl 
derivatives were stable for 24 hr. The applicability of this assay was 
demonstrated by studies of the glucocorticoid levels in L-929 and human 
dermal fibroblasts cell culture media over prolonged incubation (0-96 
hr). 


Keyphrases 0 Glucocorticoids-GLC-mass spectrometric analysis of 
hydrocortisone, triamcinolone acetonide, and desonide in cell culture 
media 0 GLC-mass spectrometry-analysis of hydrocortisone, triam- 
cinolone acetonide, and desonide in cell culture media 0 Hydrocorti- 
sone-GLC-mass spectrometric analysis, cell culture media 0 Triam- 
cinolone acetonide-GLC-mass spectrometric analysis, cell culture media 


Desonide-GLC-mass spectrometric analysis, cell culture media 


Synthetic glucocorticoids vary in their clinical potencies 
as well as in their potential for causing dermal atrophy, a 
major adverse effect of long-term topical glucocorticoid 
therapy (1). Studies of the pathogenesis of this adverse 
effect have involved investigations of glucocorticoid effects 
on cell proliferation, protein synthesis, collagen synthesis, 
secretion of acid mucopolysaccharides, and other 
pleiotypic responses such as polyribosome formation and 
DNA synthesis (2 ,3) .  


BACKGROUND 


Cultured dermal cells have been used previously as models, and the 
incubation of glucocorticoids with cultured cells lasted from hours to days. 
However, no reports of assays of glucocorticoids in cell culture media 
appear to have been published. I t  was assumed that the amounts of glu- 
cocorticoids dissolved represented their biologically active concentrations 
and that the metabolism of glucocorticoids during incubation was neg- 
ligible. Therefore, development of a GLC assay should help to clarify the 
validity of such assumptions. Furthermore, with a quantitative GLC 
analysis of glucocorticoids in cultured cell systems, the relevant bio- 
chemical data of glucocorticoid effects can be more precisely interpreted, 
especially in terms of dose dependence. 


The requirements for the estimation of glucocorticoids in biological 
systems are that sensitivity should he in the low nanogram range and that 
the technique should identify possible metabolites or decomposition 
products. Due to ready instrument availability, GLC using flame-ion- 
ization detection was selected for the determination of glucocorticoids 
in cell culture systems. 


Few quantitative high-performance liquid chromatography (HPLC) 
(4-9) and GLC (10-12) assays have been reported for the analysis of 
synthetic glucocorticoids in biological fluids, One HPLC assay (4) 
achieved sensitivity as low as 0.05 ng of budesonide/ml of plasma in dogs 
with the aid of radioactive detection. Amounts as low as 2-4 ng of tri- 
amcinolone acetonide, triamcinolone, and prednisolone were detected 


in rat muscle by GLC using electron-capture detection and trimethylsilyl 
derivatization (12). 


Martin and Amos (10) reported a GLC-mass spectrometric assay en- 
abling the measurement of plasma concentrations of prednisone and 
prednisolone as methoxime-trimethylsilyl derivatives to nanogram per 
milliliter plasma levels. So far, methoxime-trimethylsilyl derivatization 
has not been applied to the assay of synthetic glucocorticoids except for 
prednisone and prednisolone (lo), although it was used successfully for 
the assays of naturally occurring glucocorticoids (13). No specific assay 
techniques have been reported for desonide. 


A GLC assay with flame-ionization detection was developed to quan- 
titate hydrocortisone and synthetic glucocorticoids in cell culture media, 
using methoxime-trimethylsilyl derivatization. 


EXPERIMENTAL 


Materials-Hydrocortisone' (I), triamcinolone2 (II), triamcinolone 
acetonidez (111), and desonide3 (IV) were obtained commercially. Pro- 
gesterone4 (V) was used as the internal standard. Methanol5 and ethyl 
acetate5 were distilled in glass, and pyridine6 was silylating grade. 


Purity Confirmation of Z-V-All steroids were dried at  40' for 1 hr 
and at  ambient temperature overnight in a vacuum oven before use. The 
weight lost due to the drying was <1% in all cases. 


The melting points of these compounds were determined by both 
capillary melting-point determination7 and differential scanning calo- 
rimetry*. The purities of I, IV, and V were satisfactory as received. 


(OH (OH & 
0 0 


0 
I I1 


(OH 


111: R = F 
IV: R =  H 


Lot 402-9511, Pfizer Co., Montreal, Canada. 
Compound I1 was USP, code 2014, hatch 25040, and 111 was USP, code 45645, 


batch 431. Cvanamid of Canada Ltd.. Montreal. Canada. 
3 Lot CS-i-37, Dome Laboratories, Division of Miles Laboratories, West Haven, 


Conn. 
Lot 113C-0190, Sigma Chemical Co., St. Louis, Mo. 
Caledon, Georgetown, Ontario, Canada. 
Pierce Chemical Co., Rockford, Ill. 


Model lB, Perkin-Elmer, Norwalk, Conn. 
7 Thomas-Hoover apparatus, Arthur H. Thomas Co., Philadelphia, Pa. 


0022-354918 11 0800-09 17$0 1.001 0 
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Table I-Retention Time of Parent and Derivatized 
Glucocorticoids 


Retention Timea, min 
Underivatized Methoxime-Trimethylsilyl 
Compound *, Derivative 


Glucocorticoid 3% OV-17 3% OV-17 3% OV-7 


Progesterone 1.31 1.38 2.57 
Prednisolone - 2.20 - 
Hydrocortisone 4.09 2.10 4.50 
Triamcinolone 5.04 3.53 - 
Desonide 7.25 3.69 6.36 
Triamcinolone 8.59 4.38 7.37 


acetonide 


a Three or more values were averaged. * All compounds except progesterone gave 
more than one peak due to thermal decomposition. The value given is that of the 
major peak of each sample. 


Samples I1 and I11 had to be recrystallized by dissolving the compound 
in methanol with the aid of steam and allowing the filtered resulting so- 
lution to stand in a hood for 3 days before collecting the crystals by fil- 
tration. The purities of all compounds were confirmed by HPLC. 


Methoxyamine Hydrochlorideg-This compound was dissolved in 
pyridine (100 mg/ml) (14) and stored in a conical reaction vial fitted with 
a polytef-lined valvex0 at  5' in a desiccator. 


N-Trimethylsilylimidazole"-This compound was transferred to a 
conical reaction vial fitted with a polytef-lined valve immediately after 
each ampul was opened, and the vial was kept at 5' in a desiccator. 


Preparation of Derivatives-Methoxime-Trirnethylsilyl Deriua- 
tiues-The procedure of Pfaffenberger and Horning (14) was adapted 
as follows. The test glucocorticoid (not more than 800 pg) was placed in 
a 1-ml conical reaction vial fitted with a polytef-lined screw caplo. Then 
100 pl of methoxyamine hydrochloride-pyridine stock solution was added 
to dissolve the compound, and the resulting solution was incubated a t  
70' for 15 min. Then 100 pl of N-trimethylsilylimidazole was added, and 
silylation was conducted at  100' for 10-30 min, depending on the com- 
pound tested. An aliquot (1-2 pl) of the final reaction mixture (volume 
of 200 pl) was injected directly into the gas-liquid chromatograph or 
GLC-mass spectrometer. 


tert-Butyldimethylsilyl Deriuatiues-The procedure was a modified 
version of previously reported methods (15-18). The test glucocorticoid 
(not more than 800 pg) was placed in a 1-ml conical reaction vial fitted 
with a polytef-lined screw cap. Then 100 pl of tert-butyldimethylsilyl 
chloride mixture'z (1.0 mmole of tert -butyldimethylsilyl chloride and 
2.5 mmoles of imidazole/ml of anhydrous N,N-dimethylformamide) was 
added to dissolve the compound, and the resulting solution was incubated 
at  100' for 1 hr. After the reaction, 100 p1 of distilled water was added, 
and the derivatives were extracted into chloroform prior to GLC or 
GLC-mass spectrometric analysis. 


Differential Scanning Calorimetry-A differential scanning calo- 
rimeterswas employed. All samples were crimped. The rate of temper- 
ature increase was 10°/min for each run. 


GLC-The recording gas-liquid ~hromatograph'~ was equipped with 
a terminal14 and a flame-ionization detector. The coiled glass column, 
1.8 m X 2 mm i.d., contained 3% OV-7 coated onto 80-100-mesh Chro- 
mosorb W(HP). 


All columns were conditioned at  100' for 15 hr, and then the oven 
temperature was programmed to increase by O.l'/min up to 285'. The 
oven temperature was allowed to remain at 285' for -15 hr to complete 
the, conditioning process. The flow rate of carrier gas during conditioning 
was 10 ml/min. 


The operating temperatures for routine analysis were: injection port, 
265'; column, 285'; and detector, 300'. The gas flow rates were: carrier 
gas (helium), 60 ml/min; hydrogen, 40 ml/min; and air, 300 ml/min. 


GLC-Mass Spectrometry-A computerized gas chromatograph- 
electron-impact mass ~pectrometerl~ was used to study the fragmentation 
pattern of the methoxime-trimethylsilyl derivatives for confirming their 
chemical structures. The following conditions were used for GLC: in- 
jection port temperature, 230'; column temperature, programmed from 


Lot 04239.19, Pierce Chemical Car. Rockford, I!1. 
lo Reacti-vial with Teflon-lined Mininert valve, Pierce Chemical Co., Rockford, 


I.. 
111. 


11 Lot 0211774,lO X 1-g ampuls, Pierce Chemical Co., Rockford, Ill. 
l* Lot 18028, Applied Science Laboratories, State College, Pa. 
13 Model 5880A, Hewlett-Packard, Avondale, Pa. 
l4 Model 188506, Hewlett-Packard, Avondale, Pa. 
15 Varian MAT-111, Varian Associates, Palo Alto, Calif. 


200 to 260' a t  a rate of 10°/min; and carrier gas (helium) flow rate, 20 
ml/min. The 2-m X 2-mm id .  glass column was packed with 3% OV-17 
coated onto SO-100-mesh Chromosorb W(HP). For the mass spectra, the 
ionization beam energy was 80 ev, the source analyzer temperature was 
250°, and the separator was at  280'. 


The modes of detection included total ion current and selected ion 
monitoring. 


Extraction-The glucocorticoids were double extracted from the cell 
culture medium16 containing 10% fetal calf serum as follows. Solid sodium 
chloride was added to decanted 5-10-ml aliquots of the medium to make 
it 1 N. The aqueous phase was extracted twice with an equal volume of 
glass-distilled ethyl acetate. After centrifugation to separate the layers, 
the organic extracts were combined and evaporated to dryness under a 
gentle nitrogen stream at  ambient temperature. The residue was trans- 
ferred to a 1-ml conical reaction vial containing 100 pl of internal standard 
(0.50 pg/ml in methanol) by rinsing three times with 0.2 ml of fresh ethyl 
acetate. The resulting mixture was evaporated to dryness and subjected 
to derivatization. 


A white interface of precipitate occurred in the extraction of gluco- 
corticoids from serum-containing media. The addition of sodium chloride 
to make a 1 N solution avoided this difficulty. 


Ethyl acetate, ether, chloroform, and methylene chloride were evalu- 
ated for their extraction efficiency of glucocorticoids from serum-free 
and serum-containing media. Ethyl acetate was chosen because it had 
a high extraction efficiency and permitted easy withdrawal of the ex- 
tracts. 


Since the presence of serum in the medium decreased the extractability 
of glucocorticoids by single extraction, double extraction was used. 


Recovery Studies-A series of known amounts of the test glucocor- 
ticoid solution in methanol (I, 111, or IV) was added to individual cen- 
trifuge tubes and evaporated to dryness under a nitrogen stream. Five 
milliliters of 10% serum-containing medium, freshly prepared or decanted 
from control cells, was added to each glucocorticoid residue. The spiked 
samples were extracted as already described. Percentage recoveries were 
calculated from the standard curve of the glucocorticoid that was de- 
rivatized without extraction. 


Assays on Biological Samples-Human Dermal Fibroblasts- 
Diploid dermal fibroblasts, isolated from explants of biopsies from 
25-35-year-old males and stored at -193' in liquid nitrogen, were grown 
between the fourth and eighth subcultures in monolayer cultures to 
confluence in plastic culture plates. 


Mouse L-929 Dermal Fibroblasts-Aneuploid mouse L-929 fibro- 
b l a s t ~ ~ ~ ,  originated from a chemically transformed clone in 1943 (19), were 
used. Both cultured cell lines were maintained in cell culture rnediuml6 
(pH 6.8) supplemented with 10% fetal calf serum, 5 mM L-glutamine, 3.7 
g of sodium bicarbonatebiter, 100 units of penicillin/ml, 100 pg of 
streptomycin/ml, and 0.25 pg of amphotericin Bls/ml. The cells were 
incubated at 37O in carbon dioxide-air (5:95 v/v). The medium was 
changed twice weekly. Cellular morphology was examined regularly. Any 
plate with signs of infection, cellular degeneration, or poor growth was 
discarded. 


Treatment with Glucocorticoids-Stock solutions of the test glu- 
cocorticoids (lo3 pg/ml in a propylene glycol vehicle) were prepared by 
mixing two volumes of propylene glycol (50% in methanol) and one vol- 
ume of glucocorticoid solution in methanol ( lo3 pg/ml) and then removing 
the methanol under vacuum. A control solution of the propylene glycol 
vehicle was prepared in a similar fashion. 


Desired concentrations of 1 or 10 pg of glucocorticoid/ml of cell culture 
medium were prepared by adding 1 or 10 pl of the stock solutions/ml to 
the cell culture medium. The propylene glycol content of these gluco- 
corticoid-treated media did not interfere with cell growth. 


The stock solutions as well as the glucocorticoid-containing media were 
assayed before addition to the cells to ascertain the calculated and actual 
glucocorticoid concentrations. Some deviations of > 15% of expected 
values were observed because of dilution errors. Only experimentally 
determined concentrations are reported here. 


The glucocorticoid-treated medium was incubated for up to96 hr with 
cells that had reached confluence in duplicate culture plates. The de- 
canted media from the two plates containing 6 8  X lo6 cells were pooled 
and stored at -4' until analysis. The cells were harvested simultaneously 
for biochemical studies of glucocorticoid effects on cellular DNA (not 
reported here). 


Dulbecco Modified Eagle Medium. 
17 Passages 578 and 584, Flow Lahoratories, McLean, Va 
18 Fungizone. 
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Figure 1-Typical chromatograms of glucocorticoids and extracts. Key: 
a, extraction from methanol solutions; b, extraction from blank medium 
with 10% serum; and c, extraction from serum-containing medium. 


RESULTS AND DISCUSSION 


Selection of Derivatizing Agents-For initial experiments, tert- 
butyldimethylsilyl chloride was selected as a potential derivatizing re- 
agent based on the advantages described in the literature (15-18). These 
advantages are: (a) high selectivity of the reaction, by which silylation 
occurs only at  the unhindered C-21 hydroxyl group of the glucocorticoid; 
(b) increased stability of tert -butyldimethylsilyl ethers toward hydrolysis, 
which is 104 times higher than that of trimethylsilyl ethers; and (c) the 
simplicity of the mass spectrh of tert-butyldimethylsilyl ethers because 
these compounds give intense (M - 57)+ ions. By monitoring this char- 
acteristic ion, mass spectrometry has the potential of being a sensitive 
and selective technique for quantitative analysis of glucocorticoids. The 
results obtained with this derivative, however, were generally disap- 
pointing, and further use of tert -butyldimethylsilyl chloride was dis- 
continued. The tert -butyldimethylsilyl derivatives had unsatisfactory 
GLC properties, such as long retention times (longer than those of their 
parent compounds) and adsorption onto the column due to the remaining 
free functional groups. 


The methoxime-trimethylsilyl derivatives of the test glucocorticoids 
proved to be superior to their corresponding tert -butyldimethylsilyl 
derivatives based on their satisfactory GLC properties, namely, short 
retention times and sharp symmetrical peaks with higher responses than 
their parent compounds. 


Column Selection-Columns Dacked with 3% OV-7, OV-17, and 
OV-25 were examined for their suitability to resolve peaks of the internal 
standard, glucocorticoids, and any endogenous component in serum. The 
OV-7 and OV-17 columns gave superior elution profiles to the OV-25 
column. However, with OV-17, the serum-associated endogenous peaks 
prevented satisfactory resolution of the peak of the internal standard, 
progesterone, a difficulty not present with the OV-7 column (Figs. l b  and 
l c ) .  Therefore, the OV-7 packing was selected, even though longer re- 
tention times were observed (Table I). 


0.81 
-I-. . 
0 30 60 120 180 


REACTION TIME, min 


Figure 2--Reaction kinetics of I-III a t  100'. Plot of area ratio of de- 
rivatives formed to derivatized internal standard as a function of time. 
(The concentrations of I-III and their concentration ratios to the in- 
ternal standard did not have to be the same.) Key: A, I; n, II; and 0, 
III. 


Optimum Reaction Time for  Silylation a n d  Stability of Deriv- 
atives-The optimum derivatization time of silylation was evaluated 
by reacting samples containing equivalent amounts of 1-111 for various 
times a t  100'. Known amounts of separately derivatized methoxime in- 
ternal standards then were added. The yield of the derivative, as observed 
by its area ratio to that of the internal standard, was monitored. The 
optimum yield was obtained when reaction times were 10,15, and 30 min 
for I, 11, and 111, respectively (Fig. 2). 


The methoxime-trimethylsilyl derivatives were stable in excess of 24 
hr a t  4' when stored in tightly capped reaction vials. 


Confirmation of Derivative Formation Using GLC-Mass Spec- 
trometry-The fragmentation patterns of derivatized I-IV when ana- 
lyzed by electron-impact GLC-mass spectrometry confirmed the for- 
mation of methoxime-trimethylsilyl derivatives and V as the methoxime 
derivative (Figs. 3a-3e). Little information is available on fragmentation 
of the methoxime-trimethylsilyl derivatives of the synthetic glucocor- 
ticoids. Those of steroids present in rat adrenal gland extracts, primarily 
corticosterone derivatives, were reported by Prost and Maume (13). Their 
scheme of characteristic cleavages forms the basis for interpretation of 
the observed spectra (Figs. 3a-3e). The well-known losses of 0-methoxy 
from 0-methoxime groups and of silanol from trimethylsilyl groups (13, 
20) were observed. 


Fragmentation Pattern of Hydrocortisone Derivative, Di(methor- 
ime)-Tri(trimethylsily1)-I-The peak at  m/z 636 (1.8%) corresponds 
to the molecular ion peak; other characteristic peaks were observed at  
m/z 605 (10.5%) [(M - OCH3)+], 361 (3.5), 246 (6.11, 147 (7.0) [(CH&Si 
= O+ - Si(CH&] (21), 103 (11.4) [CHz = O+ - Si(CH&], 89 (12.3) [0+ 
- Si(CH&], and 73 (100) [Si+(CH&]. 


mlz 246 mlz 361 
Fragmentation Pattern of Triamcinolone Derivative, Di(methox- 


ime)-Tetra(trimethylsily1)-II-The peak at  m/z 739 (0.7%) corresponds 
to one less than the molecular ion [(M - 1)+]. The characteristic peaks 
were 709 (3.0%) [(M - OCH3)+], 689 (1.4) [(M - OCH3 - HF)+], 618 (2.6) 
[M - F - (CHz-OSi(CH3)3)+], 147 (8.8), 103 (12.3), and 73 (100). 


Fragmentation Pattern of Triamcinolone Acetonide Derivative, 
Mono(methoxime)-Di(trimethylsily1)-III-The peak at  m/z 607 (0.4%) 
corresponds to the molecular ion. The characteristic peaks were 587 


- HF)+], 121 (9.0), 103 (18.1), and 73 (100). 
(1.1%) [(M - HF)+], 576 (1.6) [(M - OCH3)+], 556 (10.7) [(M - OCH3 


m/z 121 
Fragmentation Pattern of Desonide Derivative, Mono(methoxime)- 


Di(trimethylsilyl)-IV-The peak a t  mlz 589 (0.8%) corresponds to the 
molecular ion. The characteristic peaks were 558 (4.9%) [(M - OCH3)+], 
468 (6.8) [(M - 121)t], 121 (lO.l), 103 (13.7), and 73 (100). 


Fragmentation Pattern of Progesterone Derivative, Di(methoxime)- 
V-The peak a t  m/z 372 (100%) corresponds to the molecular ion. The 
characteristic peaks were 341 (72.8%) [(M - OCH3)+], 286 (29.5), 273 
(46.2), 220 (11.5), 153 (57.4), 137 (40.2), 125 (65.6), 100 (75.51, and 87 
(39.1). 


Resolution of Methoxime-Trimethylsilyl Derivatives on OV-7 
and  OV-17 Columns-The GLC chromatograms of all four glucocorti- 
coid derivatives appeared as single peaks when eluted from OV-7 columns 
(Figs. l a  and lc). Compounds I11 and IV, however, resolved into two 
peaks, a minor peak A with a shorter retention time and occupying <lo% 
of the peak area and a major peak B, when OV-17 packings were used due 
to t,he higher degree of resolution obtainable. 


A GLC-mass spectrometric examination showed that the chemical 
structure of the derivative eluting as the minor peak A corresponded to 
mono(methoxime)--tri(trimethylsilyl)-IV, m/z 660, [(M - l)+], whereas 
that of the major peak B corresponded to  mono(methoxime)-di(tri- 
methylsily1)-IV, m/z 589 (Mt ) ,  as illustrated in Figs. 4a and 3d, respec- 
tively. 
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Figure 3-Electron-impact mass spectra of methoxime-trimethylsilyl 
derivative of I (a), I I  (b), III  (c), and IV (d), extracted from culture 
media, and methoxime derivative of internal standard (e). Key:  a, di- 
(methoxime)-tri(trimethylsily1)-I; b, di(methoxime)-tetra(trimeth- 
ylsilyl)-II; c, mono(methoxime)-di(trimethylsily1)-III; d, mono- 
(methoxime)-di(trimethylsily1)-I V; and e, di(methoxime)- V .  


Formation of peak A is ascribed as being due to partial enolization of 
the keto group at C-20. The keto group at C-20 in IV as well as in 111, in 
contrast to I and 11, is hindered by the C-16,C-17 acetonide group and 
remains largely resistant to formation of the methoxime derivative. Under 
favorable conditions, such as exposure of the reaction mixtures to sunlight 
radiation and excess silylating reagent, some enolization can occur, which 
then would lead to the formation of the minor tri(trimethylsily1) deriv- 
ative observed. 


Indirect evidence for the existence of the enolization reaction was 
obtained on exposure of the reaction mixture to sunlight. Sunlight is a 
catalyst for the enolization of various ketones (22). Exposure to sunlight 
increased the relative magnitude of peak A to peak B, as expected of a 
sunlight-catalyzed reaction. Removal of the reaction mixture from sun- 
light reversed the magnitude of peak A to its original levels, indicating 
the reversibility of sunlight-induced enolization. Prolonging the deri- 
vatization time led to an increase in peak A at the expense of the mag- 
nitude of peak B, suggesting the formation of A from B. 


; 20 
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The fact that the chromatographic peaks from OV-7 columns represent 
two derivatization products of I11 and IV, however, did not interfere with 
the assay because the contributions by the tri(trimethylsily1) derivatives 
were <lo% of the area of the peaks and were in nearly constant ratio to 
those of the major di(trimethylsily1) derivatives. The derivatization time 
should be kept a t  30 min, and light should be excluded. 


Compound I11 shared all of the previously mentioned characteristics 
of derivatization and gave mono(methoxime)-di(trimethylsily1)-111, m/z 
607 (Mf),  as the major product and mono(methoxime)-tri(trimethy1si- 
1yl)-111, m/z 679 (Mt ) ,  as the minor product (Figs. 3c and 4b) .  


The presence of antibiotics in the medium showed no interference on 
the chromatograms. 


Calibration Curves-Calibration curves were constructed for I, 111, 
and IV extracted from medium containing 10% serum. The curves were 
linear within the ranges studied, namely, 40-1600 ng/Ml of derivatized 
solution for I (equivalent to 1.6-65.8 pg/ml of medium), 60-1600 ng/Fl 
of derivatized solution for I11 (equivalent to 2.4-63.7 pg/ml of medium), 


920 I Journal of Pharmaceutical Sciences 
Vol. 70. No. 8, August 1981 







Table 11-Estimation of I after Extraction from Spiked Medium Samples (n = 3) 


Amount Added 
to 5 ml of Amount 


Serum-Containing Weight Mean Peak Area Recoveredc, 
Medium, pg Ratio" Ratiob f SD Mean Recovery f SD,  % 


16.45 0.1347 0.1046 f 0.0095 13.95 84.82 f 6.86 
24.67 0.2025 0.1444 f 0.0021 18.69 75.75 f 1.00 
41.42 0.3372 0.2804 f 0.0202 34.86 84.77 f 5.84 


0.5058 0.4393 f 0.0281 53.75 87.15 f 5.36 61.68 
164.48 1.3480 1.1930 f 0.0518 143.38 87.17 f 3.71 


8.22 0.0667 0.0569 f 0.0010 7.92 97.51 f 5.52 
0.1335 0.1406 f 0.0076 18.39 111.82 f 5.54 16.45 


24.67 0.2003 0.1804 f 0.0013 21.65 90.16 f 4.39 
41.12 0.3338 0.3550 f 0.0222 44.11 107.28 f 6.48 


0.5006 0.4920 f 0 0238 60.55 98.17 f 4.63 61.68 
0.6486 f 0.0211 79.34 96.47 f 3.08 82.24 0.6676 


164.48 1.3351 1.3121 f 0.0195 158.93 96.63 f 1.42 
328.96 2.6701 2.5330 f 0.0465 305.40 92.84 f 1.69 


Mar. 1978 


Aug. 1978 


Weight ratio of I/V (internal standard). Peak area ratio of derivatized I/derivatized V. Mean values of triplicate samples, each determined by three measurements. 
Calculated from the standard curve of I without extraction, y = rnx + c,  where rn = 1.026 and c = -0.009 (r2 = 0.999), and y = rnx + c, where rn = 0.947 and c = -0.005 


( r 2  = 0.998) for extracted samples, as plotted for the mean area ratio uersus weight ratio. The average mean recovery was 93.12 f 9.74%. 


and 20-300 ng/pl of derivatized solution for IV (equivalent to 0.80-12.0 
pglml of medium) (Tables 11-IV). 


Two calibration curves of I were determined with a time lapse of 6 
months between them. The relative standard deviation in slope values 
was 3.1%. The combined data gave a straight line of y = 0.947~ - 0.005 
with r2 = 0.998, indicating satisfactory assay reproducibility. 


Three calibration curves of 111 were determined within 1 year. The 
relative standard deviation of slope values was 7.6%. The combined data 
gave a straight line of y = 0.553~ + 0.012 with r2 = 0.996. The satisfactory 
reproducibility of the assay confirmed the validity of using the sum of 
double-peak areas, mono(methoxime)-di(trimethylsily1)-111 and mo- 
no(methoxime)-tri(trimethylsily1)-111, based on the assumption that the 
yield ratio of these two peaks was a constant. 


The recoveries of three glucocorticoids added in various amounts also 
were tabulated (Tables 11-IV). The average mean recoveries were 93.12 
f 9.74,85.64 f 7.19, and 97.73 f 4.72% for I, 111, and IV, respectively. 


Glucocorticoids generally are used in cell cultures at concentrations 
smaller than those used for preparing the calibration curves. However, 
these lower concentrations can be compensated readily by extracting >5 


L 


m/z 286 mlz 273 


m/z  220 mlz 153 


m/z 137 


m/z 100 


mlz 125 


m/z  87 


J 


ml of the medium employed in the preparation of the calibration curves. 
On the other hand, the amounts used are realistic for assays of stock so- 
lution concentrates and similar solutions of pharmaceutical interest. 


Biological Data-The applicability of the assay was demonstrated 
by determining the I, 111, and IV levels in serum-containing cell culture 
medium after various incubation times with cultured human or mouse 
dermal fibroblasts (Tables V-VII). 


The time profile of I11 indicated that its prolonged incubation of up 
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Figure 4-Electron-impact muss spectra of mono(methoxime)-tri- 
(trimethylsily1)-IV (a) and mono(methoxime)-tri(trimethylsily1)-III 
(b) . 
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Table 111-Estimation of 111 after Extraction from Spiked Medium Samples (n = 3) 


Amount Added 
to 5 ml of Amount 


Serum-Containing Weight Mean Peak Area Recoveredc, 
Medium, pg Ratioa Ratioh f SD Mean Recovery f SD, 70 


25.92 0.1420 0.0725 f 0.0125 22.75 87.75 f 11.09 
39.00 0.2137 0.1228 f 0.0220 34.95 89.62 f 12.36 
64.80 0.3541 0.2142 f 0.0089 57.13 88.17 f 3.33 
86.40 0.5314 0.2919 f 0.0219 75.99 87.96 f 6.15 


129.13 0.7081 0.4082 f 0.0311 104.23 80.65 f 4.37 
257.70 1.4120 0.8049 f 0.0354 200.53 77.82 f 2.49 


11.94 0.0969 0.0508 f 0.0091 11.79 98.76 f 4.25 
15.92 0.1293 0.0694 f 0.0012 14.84 93.21 f 1.24 
23.88 0.1938 0.1030 f 0.0114 20.35 85.20 f 7.82 
39.80 0.3231 0.1778 f 0.0001 32.60 81.92 f 0.20 
59.70 0.4846 0.2777 f 0.0076 48.98 82.04 f 2.08 
79.60 0.6462 0.3628 f 0.0053 62.92 79.05 f 1.09 


159.20 1.2922 0.7495 f 0.0282 126.29 79.33 f 2.90 
318.4 2.5840 1.5506 f 0.0356 257.58 80.90 f 1.83 


Apr. 1978 


Oct. 1978 


Feb. 1979 
11.94 
15.92 
23.88 
39.80 
59.70 


0.1189 
0.1586 
0.2378 
0.3964 
0.5946 


0.0659 f 0.0040 
0.0932 0.0059 
0.1435 f 0.0111 
0.2330 f 0.0027 
0.3556 f 0.0253 


11.63 
15.27 
21.99 
33.94 
50.32 


97.37 f 4.90 
95.93 f 4.95 
92.08 f 6.21 
85.28 f 0.91 
84.28 f 5.66 


79.60 0.7928 0.5082 f 0.0349 70.69 88.81 f 5.86 
159.2 1.5860 0.9127 f 0.0962 124.72 78.34 f 8.07 
318.4 3.1710 1.6403 f 0.0042 221.88 69.69 f 0.17 


Peak area ratio of derivatized IWderivatized V. Mean values oftriplicate samples, each determined hy three measurements. 
Calculaled from the standard curve of I11 without extraction, y = rnx  + L, where ni = 0.750 and c = -0.021 ( r 2  = 0.990), and y = rnx + c, where rn = 0.553 and c = 0.012 
" Weight ratio of III/V (internal standard). 


( r 2  = 0.996) for  extracted samples, as plotted for the mean area ratio uersus weight ratio. The average mean recovery was 85.64 f 7.19%. 


Table IV-Estimation of IV after Extraction from Spiked Medium Samples (n = 3) 


Amount Added 
to 5 ml of 


Serum-Containing Mean Peak Area 
Medium, p g  Weight Ratioa Ratiob f S D  Amount Recoveredc, pg Mean Recovery f SD, % 


4.0 0.0787 0.0395 f 0.0030 3.95 98.77 f 4.72 
8.0 0.1625 0.1063 f 0.0060 8.15 101.97 f 4.70 


12.0 0.2415 0.1693 f 0.0057 12.12 101.03 f 3.01 
16.0 0.3252 0.2360 f 0.0046 16.32 102.03 f 1.81 
24.0 0.4681 0.3500 f 0.0078 23.49 97.91 f 2.05 
40.0 0.7254 0.5551 f 0.0256 36.42 91.04 f 4.03 
60.0 1.0919 0.8473 f 0.0907 54.81 91.36 f 9.53 


Weight ratio of lV/V (internal standard). Peak area ratio of derivatized IV/derivatized V. Mean values of triplicate samples, each determined by three measurements. 
Calculated from the standard curve of IV without extraction, y = rnx + c, where rn = 0.790 and c = -0.023 ( r 2  = 0.999), and y = rnx + c, where rn = 0.713 and c = -0.0038 


( r 2  = 0.999) for extracted samples, as plotted for the mean area ratio versus weight ratio. The average mean recovery was 97.73 f 4.72%. 


Table V-Levels of I in Media as a Function of Time after Incubation with Cultured Human Dermal Fibroblasts 


Incubation 
Time, hr 


0 
0.25 
2 
4 
6 
8 


12  
24 
48 


~ ~ 


Concentration Assayed, pg/ml of medium 
n A-2" (Percent Remaining Intact) A - 4 b  


2 0.7307 k 0.1338 (100.00 f 18.31)c - 
1 - 0.4621 


0.3921 f 0.0045 2 
2 0.3892 f 0.0345 (53.26 f 4.72) 0.5194 f 0.0091 


0.4737 f 0.0091 2 
2 - 0.4336 f 0.0156 


- 


- 


2 
2 


- 


0.3864 f 0.0441 (52.88 f 6.04) 
0.4364 f 0.0130 
0.3464 (n  = 1) 


2 - 0.4545 f 0.0497 


a Human dermal fibroblasts, F.H. passage 6. * Human dermal fibroblasts, W.P. passage 4. The concentration of I recovered from medium containing no cells was 
defined as 100% of intact drug. 


to 83.5 hr with cultured mouse L-929 dermal fibroblasts did not decrease 
intact I11 in media. About 20% of I11 was removed from the culture me- 
dium by absorption and/or adsorption by cells 2 hr after administration 
of 111. The levels of 111 a t  various incubation periods between 2 and 83.5 
hr did not vary appreciably. A significant decrease of I11 after 94 hr was 
observed but unexplained. 


To eliminate the possibility of decomposition, the stability of 111 in the 
medium upon incubation was studied a t  37" in the absence of cells for 
72 and 96 hr. There was no appreciable decomposition due to the incu- 
bation a t  37O. 


The levels of IV after 4 and 24 hr of incubation with mouse L-929 fi- 
broblasts indicated -20% loss of IV from the medium. 


Therefore, for any biological effect of synthetic glucocorticoids ob- 
served a t  the dose level of 1 pg/ml of medium, the true bioavailable dose 
was probably not more than 0.2 pg/ml of medium. 


The levels of I as a function of time were measured twice at various 
incubation intervals. The loss of I from the media due to cells was larger 
than that of the synthetic glucocorticoids. Compound I had rather con- 
stant levels when incubated between 0.25 and 48 hr. 


Metabolites-No extra peaks were observed in samples incubated 
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Table VI-Levels of 111 in Media as a Function of Time after 
Incubation with Cultured Mouse L-929 Dermal Fibroblasts 


Incubation Concentration Assayed, Intact 111 Remaining 
Time,hr n Kg/ml of medium in Media, % 


0 5 1.265 0.0820 
2 2 1.032 t 0.0029 
4 2 1.025 f 0.0007 
8 2 1.030 f 0.0101 


11 2 1.011 f 0.0045 
24 2 1.060 f 0.0050 
48 1 1.011 
72 2 1.028 f 0.0018 
83.5 2 1.079 f 0.0300 
94 2 0.919 f 0.022 


100.00 f 6.4SR 
81.58 * 0.23 
81.01 f 0.06 
81.45 f 0.80 
79.94 f 0.36 
83.77 f 0.40 


79.94 
81.25 f 0.14 
85.29 f 2.37 
72.67 f 1.74 


The concentration of I11 recovered from medium containing no cells was defined 


with cells for 0-108 hr, and there was no appreciable change in the mag- 
nitudes of endogenous peaks in the mixture due to the medium and 10% 
serum. I t  was proposed that no metabolite was apparently present unless 
its methoxime-trimethylsilyl derivative had the same retention time as 
the derivatized parent compound or that the amounts of metabolites were 
too small to be detected. 


Applicability of Methoxime-Trimethylsilyl Reaction to Other 
Glucocorticoids-Another glucocorticoid, diflorasone diacetate, was 
derivatized under the same conditions. However, the reaction product 
gave four peaks in the gas-liquid chromatogram, indicating multiple 
derivatizing products, presumably due to the hydrolysis of acetates by 
hydrochloride generated in the reaction with methoxyamine hydro- 
chloride and subsequent silylations a t  the C-17 and/or C-21 free hydroxyl 
groups. Therefore, diflorasone diacetate and probably other ester-con- 
taining glucocorticoids are not amenable to GLC analysis using the 
subsequent derivatization with methoxyamine hydrochloride and N -  
trimethylsilylimidazole. 


Prednisolone could be derivatized to yield the di(methoxime)-tri- 
(trimethylsily1)prednisolone derivative with the same reaction proce- 
dure. 


Table VII-Levels of IV in Media as a Function of Time after 
Incubation with Cultured Mouse L-929 Dermal Fibroblasts 


as 100% of intact drug. 


Incubation Concentration Assayed, Intact IV Remaining 
Time, hr n Fg/ml of medium in Media, % 


0 4 0.6073 f 0.0120 100.00 f 1.9sn 
4 2 0.5136 f 0.1006 84.58 f 11.70 


24 2 0.4964 + 0.0326 81.74 f 5.37 


a The concentration of IV recovered from medium containing no cells was defined 
as 100% of intact drug. 
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Abstract 0 Several potential mechanisms for reduced levodopa bio- 
availability following oral administration to dogs and humans were in- 
vestigated by studying the influence of the administration route on 
plasma levodopa levels after intravenous, hepatoportal, and duodenal 
administrations to dogs. The observed average areas under the plasma 
concentration-time curves (AUC) of levodopa following hepatoportal 
injection and intravenous injection were virtually identical; but following 
duodenal administration a decrease in the AUC of levodopa was observed 
with a concomitant increase in the AUC of total dopamine. The possible 
involvement of intestinal microorganisms in levodopa metabolism was 
explored in dogs that had been administered a combination of paro- 
momycin and kanamycin to reduce intestinal microflora. Similar patterns 
of plasma level profiles and urinary excretion were observed between 
control and treated dogs. As measured by the release of [14C]carbon 
dioxide from [14C]levodopa, the distribution of levodopa decarboxylase 
enzyme activity in various parts of the intestine was studied in homoge- 
nates prepared from isolated intestinal segments of the duodenum and 
upper, middle, and lower parts of the jejunum and ileum. The jejunum 
showed the highest decarboxylase activity followed by the ileum and 
duodenum. These data indicate that the reduced bioavailability of orally 
administered levodopa occurs as a result of metabolism by levodopa 
decarboxylase enzyme in the gut wall. 


Keyphrases Levodopa-bioavailability, effect of administration route, 
metabolism, intestinal microorganisms, levodopa decarboxylase Bio- 
availability,-levodopa, effect of administration route Antiparkinsonian 
agents-levodopa, effect of administration route on bioavailability 


Previous studies (1, 2) reported that, based on the 
measurement of levodopa and its metabolites recovered 
in the urine, the total amount absorbed, including levodopa 
metabolites, was 80-90% of the administered dose. How- 
ever, the measurements of plasma levodopa concentrations 
after intravenous and oral administrations indicated that 
20-40% of the administered dose reached the fluids of 
distribution intact. 


The present study with levodopa was carried out in dogs 
to elucidate the mechanisms responsible for the low bio- 
availability of orally administered levodopa. 


EXPERIMENTAL 


Influence of Administration Route on Plasma Levodopa Levels 
and Its Metabolites in Dogs-Nine healthy male beagle dogs, 10.5-13.2 
kg, were fasted for -16 hr and divided into three groups. They were 
anesthetized with 25 mg of pentobarbital sodium/kg iv. The first group 
was administered 20-mg doses of levodopa’ into their brachial vein over 
30 sec. After the dogs in the second group were fixed on their backs, a 
laparotomy was performed and levodopa solution1 was administered 
directly into the hepatoportal veins over 30 sec. A laparotomy was per- 
formed in the third group, a 20-cm segment of the duodenum was ligated, 
and levodopa solution was administered into the ligated loop. 


Blood samples were withdrawn from each animal with a heparinized 
syringe from the femoral or brachial vein at  the time intervals indicated 
in Fig. 1. The blood specimens obtained were processed as described 
previously (1,3). The third group was killed by exsanguination imme- 
diately after the last blood sample was collected, and the ligated duodenal 
loops were removed to determine residual levodopa and its metabolites 
in the duodenal loops where levodopa was administered. The contents 
of the duodenal loops were washed with saline and then three times with 
0.04 N HC104 solution. The irrigating solutions were assayed for residual 
levodopa and its metabolites. 


Influence of GI Microorganisms on Oral Levodopa Absorp- 
tion-Two healthy male mongrel dogs, 6.0 and 11.8 kg, were orally ad- 
ministered a single capsule containing 110 mg of paromomycin and 100 
mg of kanamycin. Two control dogs also were used. The dogs were 
anesthetized with intravenous injection of 25 mg of pentobarbital so- 
diumhg. After anesthetization, a laparotomy was performed and a series 
of intestinal loops were made by ligating segments of the stomach, duo- 
denum, and jejunum. The contents of each segment were suspended in 
saline solution and diluted with 0.1% phosphate buffer (pH 7.2). The 


Dopaston Injection, Sankyo Co., Tokyo, Japan. 
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Figure 1-Average plasma levels of leuodopa (It SE) and total dopamine (It SE) following intravenous (@), hepatoportal (O),  and duodenal (A) 
administrations of single 20-mg doses of levodopa to three dogs. 


diluted solution was smeared on the selective medium and cultured ac- 
cording to the conditions listed in Table I. After cultivation, the numbers 
of colonies were counted. 


Following this initial study, six healthy male beagle dogs, 10.1-12.5 kg, 
were fasted for -16 hr; levodopa in capsule form2 was administered orally 
at a dose of 100 mg/dog with 10 ml of warm water. After 1 week, the same 
dogs were administered a single dose of the antibiotics as before, and 
levodopa in capsule form2 was administered as previously described. 
Emesis was prevented by keeping the dogs' mouths closed by hand. Blood 
samples were obtained with a heparinized syringe at  the intervals indi- 
cated in Fig. 2. The urine also was collected before and over 48 hr. The 
blood and urine samples were processed as previously described (1,3). 


Distribution of Levodopa Decarboxylase Enzyme Activity in  
Intestinal Tract of Dogs-Three healthy male mongrel dogs, 13.0-15.0 
kg, were fasted for -16 hr, anesthetized with 25 mg of pentobarbital so- 
dium/kg iv, and then killed by exsanguination. Their abdomens were 
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Figure %-Average plasma levodopa levels following oral administra- 
tion of 100-mg doses of levodopa to six dogs treated with antibiotics (0) 
and to six control dogs without antibiotics (@) in a crossover fashion. 


Levodopa in capsule form was prepared in the same prescription aa Dopaston 
capsules, Sankyo Co., Tokyo, Japan. 


opened immediately, and sections of the duodenum and upper, middle, 
and lower parts of the jejunum and ileum were removed. The contents 
in each section were removed by washing three times with saline. 


An homogenate of each section of the intestinal tract was prepared in 
0.05 M phosphate buffer (pH 6.8) cooled to 0'. The volume was adjusted 
to reflect the final wet tissue concentration of 100 mg/ml. Then 0.2-0.5 
ml of each homogenate was added to the reaction mixture consisting of 
0.2 ml of 0.2 M phosphate buffer (pH 6.8), 0.05 ml of 0.5% (w/v) pyridoxal 
phosphate solution, 0.1 ml of 8.1% levodopa solution [l g of levodopa 
dissolved with 0.2% (w/v) sodium bicarbonate and 0.5% (w/v) polyvinyl 
acetate] and I4C-labeled DL-levodopa (0.05 pCi/410 nmoles) and then 
incubated for 30 min a t  37O. At 30 min after incubation, the reaction was 
stopped by adding 0.2 ml of 30% (w/v) HClOa solution into the reaction 
mixture. 


The [14C]carbon dioxide evolved from decarboxylation of [14C]levodopa 
by levodopa decarboxylase in the homogenate was trapped completely 
in filter paper impregnated with benzethonium chloride solution3. The 
filter paper was immersed in a toluene scintillation mixture of 8 g of 
2,5-diphenyloxazole and 0.2 gof 1,4-bis[2-(4-methyl-5-phenyloxazoly)]- 
benzene dissolved in 1000 ml of toluene. The trapped radioactivity was 
measured by the standard procedure. 


Assay of Levodopa and Its Metabolites in Plasma and Urine-The 
assay of levodopa and its metabolites in plasma and urine was carried out 
as previously reported (3). 


Assay of Levodopa and Its Metabolites at Administration-Re- 
sidual levodopa and its metabolites were determined in the same manner 
as urine. 


RESULTS 


Influence of Administration Route on Plasma Levels of Levodopa 
and Its Metabolites in Dogs-The average plasma levels of Ievodopa 
and total dopamine, one of the main metabolites of levodopa, are shown 
in Fig. 1 following intravenous, hepatoportal, and intraduodenal ad- 
ministrations to dogs. Visual inspection of average plasma levodopa level 
curves following intravenous and hepatoportal administrations indicates 
that their overall disposition profiles appear similar. However, the average 
plasma levodopa level curves following duodenal administration were 
lower than observed following intravenous or hepatoportal administra- 


3 This benzethonium chloride solution waa prepared from a 10-fold dilution of 
Hyamine, Sankyo Co., Tokyo, Japan. 
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Table I-Selective Medium and Cultivation Conditions 


Cultivation 
Bacteria Medium Conditions 


Enterobacterioceae MacConkey agar 37OI24 hr 
Streptococcus Endo agar 37"/48 hr 
Staphylococcus Mannitol salt agar 37O148 hr 
Lactobacillus LBS agar 37O172 hr 


tion. On the other hand, the average plasma total dopamine levels fol- 
lowing duodenal administration were higher than following other 
routes. 


The average AUC of levodopa and total dopamine and the average 
ratio of the AUC of total dopamine to the AUC of levodopa are summa- 
rized in Table 11. The AUC plots of levodopa following intravenous and 
hepatoportal administrations were approximately identical, but the A UC 
of levodopa following duodenal administration was significantly different 
from that after the other forms of administration ( p  < 0.05, t-test); for 
the AUC of total dopamine, the situation was inverse. The higher ratio 
of the AUC of total dopamine to the AUC of levodopa following duodenal 
administration lends evidence for the postulation that this organ is in- 
volved in levodopa metabolism. In contrast, the hepatoportal ratio did 
not differ significantly from that observed after intravenous adminis- 
tration. In addition, the residual amounts of levodopa and the total of 
all its metabolites at 4 hr after administration in the duodenal site were 
<1%. Since only insignificant levels of levodopa and its metabolites were 
observed, levodopa was absorbed almost completely from the duo- 
denum. 


Influence of GI Microorganisms on Oral Levodopa Absorp- 
tion-The aerobic bacterial counts in each part of the GI tract, including 
the stomach, duodenum, and jejunum, in dogs treated with a single dose 
of paromomycin and kanamycin in contrast to control dogs are compared 
in Table 111. The treatment led to a decrease in the number of aerobic 
organisms in the gut tested. 


The average plasma levodopa levels following oral administration to 
antibiotic-treated dogs and to control dogs in crossover fashion are shown 
in Fig. 2. Visual inspection of average plasma levodopa level curves fol- 
lowing oral administration to those dogs indicates that their overall 
disposition profiles were essentially identical. Table IV summarizes the 
average urinary excretion of levodopa and its metabolites after oral ad- 
ministration of levodopa to those dogs. 


These results show that there was no difference between the dogs with 
and without antibiotics. Unfortunately, the results are ambiguous since 
the observed reduction in intestinal bacterial flora may not have been 
sufficient to affect levodopa metabolism, and only the reduction in aer- 
obic organisms in the stomach, duodenum, and jejunum was observed4. 
However, the flora in these areas are thought to be predominantly aer- 
obic. 


Distribution of Levodopa Decarboxylase Enzyme Activity in  
Intestinal Tract of Dogs-Figure 3 shows the distribution of levodopa 
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Figure 3-Average distribution of leuodopa decarboxylase activity in 
the different parts of the intestinal tract of dogs. 


4 The duodenum will be shown to be the major absorption site in the next paper 
of this series. 


Table 11-Average A UC of Levodopa and Total Dopamine and 
Ratio of AUC of Total Dopamine to Levodopa following 
Intravenous, Hepatoportal, and Duodenum Administrations to  
Dogs a 


Ratio of A UC 
AUC of A UC of Total of Total 


Levodopa, Dopamine, Dopamine 
Route (mg hr)/liter (mg hr)Aiter to Levodopa 


Intravenous 1.70 f 0.09b 0.56 f 0.14 0.34 f 0.02 
Hepatoportal 1.85 f 0.10 0.57 f 0.03 0.31 f 0.01 
Duodenum 0.65 f 0.06 0.78 f 0.07 1.20 f 0.10 


a The AUC from 0 to 4 hr was calculated using the trapezoidal rule. Average 
f SE. 


decarboxylase activity responsible for levodopa metabolism in the dif- 
ferent parts of the intestinal tract of dogs. The jejunum showed the 
highest decarboxylase activity, as measured by the release of [l4C]carbon 
dioxide from labeled levodopa, followed by the ileum and then the duo- 
denum. 


DISCUSSION 


It was previously reported (1, 2) that the dose-dependent bioavail- 
ability of levodopa after oral administration to dogs and parkinsonian 
patients was probably due to metabolism during levodopa absorption. 
The plasma level profiles of levodopa and total dopamine were compared 
subsequent to intravenous, hepatoportal, and duodenal administrations 
to dogs. Analysis of the residual levels of levodopa and its metabolites 
in the duodenal loop indicated virtually complete levodopa absorption. 
However, plasma levodopa levels following duodenal administration were 
lower and plasma total dopamine levels were higher than those found 
after administration by other routes, leading to the highest ratio of the 
AUC of total dopamine to levodopa following duodenal administration. 
At  the same time, the plasma level profiles of levodopa and total dopa- 
mine, the AUC of levodopa and total dopamine, and the ratio of the AUC 
of total dopamine to levodopa following the hepatoportal vein adminis- 
tration and intravenous administration were virtually identical. 


These observations indicate that the first-pass metabolism of levodopa 
probably involves intestinal wall metabolism and, to a small extent, liver 
metabolism. This result is consistent with the conclusion reported pre- 
viously (4,5). Utilizing the isolated perfused rat liver technique, Mearrick 
et al. (4) reported that the major site of levodopa metabolism was the 
small intestine. Cotler et al. (5) administered [14C]levodopa to dogs oia 
hepatoportal, intravenous, and oral administrations on three separate 
occasions in crossover fashion. Comparisons of plasma levodopa level 
profiles uia these administration routes led to the result that the physi- 
ologically impaired bioavailability of orally administered levodopa occurs 
virtually exclusively in the GI tract. 


These results suggest the importance of levodopa metabolism in the 
intestine or the mucosal wall. 


In addition, a similar degree of absorption and metabolism of levodopa 
was observed between control dogs and dogs whose numbers of intestinal 
bacteria decreased by treatment with antibiotics. Unfortunately, the 
results are not conclusive. Bakke (6) reported that levodopa was me- 


Table 111-Comparison of Microflora between Dogs with and 
without Antibiotics 


1% 
(Number of 


Weight, of GI of Contents 
Group Dog kg Tract in GI Tract) 


Body Segment BacteriaIGram 


Control 


Treated 


515 


518 


114 


51 


6.0 


9.3 


8.6 


11.8 


Stomach 
Duodenum 
Jejunum 
Stomach 
Duodenum 
Jejunum 
Stomach 
Duodenum 
Jejunum 
Stomach 
Duodenum 
Jeiunum 


7.0 
7.2 
6.8 
6.6 
7.6 
7.3 
3.9 
3.2 
3.6 
4.0 
3.7 
3.7 
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Table IV-Average Urinary Excretion of Levodopa and Its Metabolite after Oral Administration of Levodopa to Sterilized Dogs and 
Control Dogs 


Total Total 
Dogs Total Levodopaa Total Dopamineb 3,4-Dihydroxyphenylacetic AcidC Homovanillic Acidd Totale 


Control 0.47 f 0.07f 8.9 f 1.2 9.3 f 1.4 30.4 f 2.3 49.1 f 2.4 
Sterilized 0.47 f 0.07 9.5 f 1.6 10.1 f 1.3 30.7 f 2.5 50.7 f 2.7 


Total levodopa = unconjugated levodopa + conjugated levodo a. * Total dopamine = unconjugated dopamine + conjugated dopamine. Total 3,4-dihydroxyphenylacetic 
acid = unconjugated 3,4-dihydroxyphenylacetic acid + conjugate$3,4-dihydroxyphenylacetic acid. Total homovanillic acid = unconjugated homovanillic acid + conjugated 
homovanillic acid. Sum of total levodopa, total dopamine, total 3,4-dihydroxyphenylacetic acid, and total homovanillic acid. f Percent of dose excreted in 0-48-hr urine 
(average f SE).  


tabolized by intestinal microorganisms ~n uitro to m-hydroxyphenylacetic 
acid, 4-methylcatechol, and 4-methylguaiacol. Furthermore, levodopa 
was reported to be metabolized by intestinal microorganisms to m- 
hydroxyphenylacetic acid in uiuo in conventional rats but not in germ-free 
rats (7-9). However, the small amount of metabolites formed by intestinal 
microorganisms reported by Bakke (6) and the fast absorption of levo- 
dopa from dogs observed in an in situ experiment5 support the hypothesis 
that bacterial metabolism of levodopa may be insignificant. 


The levodopa decarboxylase enzyme was widely distributed in the dog 
intestinal tract, with the greatest activity in the jejunum and the least 
activity in the duodenum. Taubin and Landsberg (10) suggested that 
catechol 0-methyltransferase also played an important role in levodopa 
metabolism in the rat intestine. Administration of the levodopa inhibitor 
or benzerazide [N-d l-seryl-N-( 1,2,3-trihydroxybenzyl)hydrazine], which 
cannot inhibit catechol 0-methyltransferase, increased plasma levodopa 
levels (11-14). This finding implies that catechol 0-methyltransferase 
plays a far less important role in intestinal metabolism of levodopa than 
levodopa decarboxylase. 


The data presented here indicate that the reduced bioavailability of 
orally administered levodopa is due to metabolism of levodopa by levo- 
dopa decarboxylase in the intestine, with the greatest activity in the je- 
junum and the least activity in the duodenum. 
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Abstract The Michaelis-Menten equation has been applied suc- 
cessfully in the study of enzyme kinetics. It usually is used to estimate 
urnax and k ,  from observations of the initial rate of reaction, u, at  various 
substrate concentrations, C,. A variation of this expression recently was 
used in pharmacokinetics, where it was assumed that the elimination rate 
of drug from some compartment is VC( t ) / [K  + C ( t ) ] ,  where C ( t )  is the 
drug concentration. The meaning of V and K in this context is not clear. 
Attempts were made to estimate V, K, and other model parameters by 
fitting the model to observed drug concentrations at sampling times after 
dosing. This paper discusses the ill-conditioning of the estimation of 
parameters of a differential equation that includes the so-called Mi- 
chaelis-Menten output. The solution of the equation is bound by the 
solutions to two first-order differential equations. Parameter values in 
an infinite region of the parameter space are shown to have solutions also 


lying within these two bounds. Simulations show that a minor change in 
the data (observations) or in the initial estimate of the parameters may 
cause a large change in the final estimates. In many cases, estimation and 
comparison of parameter values are meaningless. 


Keyphrases 0 Models, mathematical-compartment models with 
Michaelis-Menten-type elimination, computational problems, parameter 
estimation Michaelis-Menten equation-computational problems of 
compartment models, parameter estimation 0 Compartment mod- 
els-computational problems of models with Michaelis-Menten-type 
elimination, parameter estimation Pharmacokinetics-analysis, 
computational problems of compartment models with Michaelis-Men- 
ten-type elimination, parameter estimation 


Linear compartment models have been used successfully 
in pharmacokinetics for the past 40 years. Like all math- 


ematical models, they are an abstraction from the real 
biological system to a mathematical system and thus are 
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Abstract 'The bioavailability of aspirin gum relative to unbuffered 
aspirin tablets was determined in six normal volunteers. Twenty-four 
hours following the administration of two aspirin tablets, 91.2 f 1.7 % 
( S E )  of the 648-mg dose was recovered in the urine. The relative bio- 
availability of aspirin gum was 69.5 f 3.4 % ( S E ) ,  based on cumulative 
24-hr urinary excretion of total salicylate after the chewing of three gum 
tablets for 15 min. The chewed gum was analyzed for total salicylate and 
contained an average of 37.8% of the administered dose. When added to 
the cumulati,ve amount of total salicylate excreted in the urine a t  24 hr 
after dosing, the salicylate contained in the chewed gum accounted for 
essentially 100% of the dose administered. Chewing aspirin gum for up 
to 30 min did not significantly (p > 0.05) reduce the amount of salicylate 
entrapped in the gum base when compared to chewing times of 5,10, and 
15 min. Based on the results of this study, four pieces of aspirin gum 
would he needed to provide the same amount of salicylate to the general 
circulation as two 324-mg aspirin tablets. 


Keyphrases Aspirin gum-relative bioavailability compared to  un- 
buffered aspirin tablets in six normal volunteers 0 Bioavailability- 
aspirin gum compared to unbuffered aspirin tablets in six normal vol- 
unteers Dosage forms-comparison of salicylate availability from as- 
pirin gum ansd unbuffered aspirin tablets 


' 


Aspirin is the most frequently used nonprescription 
analgesic, and selection of an aspirin product should be 
based on formulation preference and proven efficacy (1). 
Bioavailability studies have been conducted on many 
dosage forms of aspirin including aqueous solutions (2,3), 
compressed tablets (4,5), effervescent tablets (6 ,7) ,  con- 
trolled-release tablets (8), enteric-coated tablets (9-ll), 
and rectal suppositories (12). These studies have shown 
that the bioavailability differences between products ap- 
parently are related to formulation factors. Recognizing 
the potential for therapeutic inequivalence, the American 
Pharmaceiitical Association published a bioavailability 
monograph for aspirin (13). 


One aspirin product omitted from this bioavailability 
monograph was aspirin chewing gum1. There have been 
no reported investigations in humans of the relative bio- 
availability of aspirin from gum formulations. Aspirin gum 
was introduced commercially in 1924; in 1976, the total sale 
of aspirin gum was nearly 80 million gum pieces2. The label 
claims for aspirin gum include "for the temporary relief 
of minor s'ore throat pain, headache, aches and pains of 
colds and flu and muscular aches and pains." The efficacy 
of aspirin gum as a systemic analgesic is dependent on the 
rate and extent of aspirin bioavailability. 


This investigation evaluated the relative bioavailability 
of aspirin gum by comparing the urinary excretion of total 
salicylate after dosing with aspirin gum and regular aspirin 
tablets. 


EXPERIMENTAL 


Subjects--Six male volunteers, 18-31 years of age (27.3 f 1.5 years, 
mean f S E )  were selected. The study was approved by the institutional 


Aspergum, Plough, Memphis, T N  38151. 
Mr. MeGee, personal communication, Plough, Memphis, T N  38151. 


human studies review committee and valid, written, informed consent 
was obtained from each volunteer prior to his entering the study. The 
mean (fSE) body weight of the volunteers was 72.9 (f5.6)  kg, and each 
volunteer was within 10% of his ideal body weight for his height and build 
(14). Each volunteer was determined to be in good physical health with 
no history of aspirin allergy, GI tract ulcers, or cardiac, hepatic, or renal 
disease. 


The volunteers were instructed to refrain from taking any medication 
for a t  least 7 days prior to the study and to abstain from alcoholic bev- 
erages for 24 hr prior to dosing. All volunteers fasted, with the exception 
of water, for 12 hr prior to dosing, and fasting was continued for 4 hr after 
dosing. On the evening before each study day, the volunteers were in- 
structed to empty their bladders and to drink 180 ml of water. Upon 
arising, the volunteers again emptied their hladders and drank 180 ml 
of water at 1 and 0.5 hr prior to dosing. 


Drug  Administration-On the 1st study day, the volunteers were 
assigned at random either the aspirin gum3 or the aspirin tablets4; on the 
2nd study day, the volunteers received the alternate formulation. The 
2 study days were separated by a washout period of 7 days. At 8 am on 
each study day, the volunteers assigned the gum chewed three pieces 
(226.8 mg of aspiridgum piece; total aspirin dose of 680.4 mg) for 15 min, 
swallowing saliva and any fragments of coating loosened by the chewing 
process. After chewing was completed, the gum was expectorated into 
a plastic vial and frozen a t  -20" for later salicylate analysis, and the 
volunteers were instructed to drink 120 ml of water. The volunteers as- 
signed the aspirin tablets swallowed two tablets (324 mg of aspiridtablet; 
total aspirin dose of 648 mg) with 120 ml of water. Previous replicate 
analysis for potency showed the gum and tablet to contain 98 and 105% 
of the label claim, respectively. T o  promote adequate urine flow, all 
vohnteers were instructed to drink 180 ml of water 2 hr following the 
administration of each dosage form. 


Urine Collection-Immediately before dosing, the volunteers emp- 
tied their bladders completely and an aliquot of the blank urine was 
collected and frozen a t  -20". After dosing, urine was collected by com- 
plete voiding at 1, 2, 3 ,4 ,6 ,8 ,  10, 12, and 24 hr. The volume and pH of 
voided urine were measured a t  each collection time, and an aliquot was 
frozen at -20" for salicylate analysis. 


Effect of Chewing Time-Four of the six volunteers included in the 
bioavailability study were instructed to chew three aspirin gum pieces 
for 5, 10, 15, or 30 min, respectively, on 4 separate days. After chewing, 
the gum was expectorated into a plastic vial and the amount of salicylate 
remaining in the chewed gum was measured to determine if chewing time 
influenced salicylate release from the gum. 


Assay of Total Salicylate i n  Urine-The total amount of salicylate 
in the urine samples was measured using the procedure of Chiou and 
Onyemelukwe (15). Briefly, 3.0 ml of urine and 2.0 ml of concentrated 
hydrochloric acid were added to a 50-ml culture tube, which was then 
incubated a t  looo for 17 hr. After cooling to room temperature, 6.0 ml 
of chloroform was added to the tube and the mixture was shaken me- 
chanically for 10 min. Following centrifugation, 3.0 ml of the chloroform 
was added to 6.0 ml of Trinders reagent (without mercuric chloride). After 
vortex mixing, the absorbance of the upper, aqueous phase was measured 
at 540 nm5. 


The concentration of salicylate in the urine sample was determined 
from a standard curve prepared by measuring the absorbance of sodium 
salicylate solutions of known concentrations after subjecting them to the 
described procedure. Each urine sample was analyzed in duplicate, and 
the average value was used to calculate the amount of total salicylate 
excreted during each collection interval. Urine blanks, urine standards 
spiked with known amounts of sodium salicylate, and aqueous sodium 
salicylate standard solutions were assayed with each batch of the vol- 


Aspergum, lot 6060. 


DBGT spectrophotometer, Beckman Instruments, Irvine, Calif. 


4 Bayer aspirin tablets, lot 6L176, Glenbrook Laboratories, Division of Sterling 
Drug Inc., New York, NY 10016. 
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Table I-Mean f SE Cumulative Amounts of Total Salicylate 
(Expressed as Milligrams of Aspirin Equivalents) Excreted in 
the Urine after Administration of Aspirin Gum or Tablets 


Aspirin Excreted, mg 
Gum Tablet 


Hours (680.4-mg Dose) (648-mg Dose) 


1 30.7 f 4.0 23.1 f 3.9 
2 
3 
4 


66.3 8.0 
114.0 f 11.1 
166.0 k 16.2 


~ ~ 


63.7 f 6.2 
111.6 f 7.2 
153.8 f 11.6 


6 
8 


244.0 f 23.1 
296.8 f 24.1 


242.1 f 17.9 
324.8 f 25.1 


10 
12 
24 


347.0 f 25.9 
385.3 f 25.8 
433.6 f 19.8 


387.6 f 28.1 
462.9 f 28.0 
592.6 f 11.1 


unteer's urine samples as a quality control check. The total salicylate 
measured in the urine samples was converted to milligrams of aspirin by 
multiplying by 1.125. 


Assay of Total Salicylate in Chewed Gum-The amount of salicy- 
late contained in chewed gum was determined as follows. The chewed 
gum was placed in a flask containing 50 ml of 1 N HCl, heated to loo", 
and stirred for 1 hr. After cooling to room temperature, the mixture was 
centrifuged and the hydrochloric acid was removed and diluted to 100 
ml with 1 N HC1. This solution was diluted 1:100, and the absorbance of 
this diluted solution was measured spectrophotometrically a t  240 nm. 
The concentration of salicylate in the solution was determined from a 
standard curve constructed by subjecting sodium salicylate solutions of 
known concentration to the same procedure previously described. 


The absorbance spectrum of the salicylate solution obtained from the 
gum analysis was compared to the absorbance spectrum of a standard 
solution of sodium salicylate. There were no differences between the 
spectra in the general shape of the curves or the wavelengths where 
maxima and minima occurred, indicating that the observed absorbance 
was due to salicylate. The amount of salicylate recovered from the gum 
was converted to milligrams of aspirin by multiplying by 1.125. 


Bioavailability Calculations-The relative bioavailability of aspirin 
gum (Frel) was calculated as the percentage of aspirin equivalent elimi- 
nated in the urine in the 24 hr (U,) following the administration of each 
dosage form after correcting for the dose (D) of aspirin administered 


HOURS 


Figure 1-Mean cumulative urinary salicylate (expressed as milligrams 
of aspirin) excretion curves for six subjects following administration 
of three aspirin gum pieces (680.4 mg) (0 )  or two aspirin tablets (648 
mg) fm). 


salicylate in urine accounts for aspirin, salicylic acid, and all other 
metabolities. Collection of total urine for 24 hr also provides enough time 
for recovery of essentially all of the dose based on a plasma elimination 
half-life of salicylate of 3 hr after a single dose of -650 mg (18). When 
aspirin gum was chewed, only 63.5 f 2.9% (mean f S E )  of the dose was 
recovered. 


Figure 1 shows the mean cumulative urinary excretion curves for six 
subjects following administration of gum and tablet dosage forms. Dif- 
ferences in the rate and extent of bioavailability are reflected in the shape 
of the curves. For up t o  6 hr following dosing, the curves are practically 
superimposable, so it may be concluded that the dosage forms are bio- 
equivalent in terms of bioavailability rate. However, beyond 6 hr, both 
curves begin to diverge and approach different asymptotic values. The 
total amounts (mean f SE) of aspirin equivalent excreted in the urine 
24 hr following the administration of the tablets and the gum were 592.6 
f 11.2 and 433.6 f19.8 mg, respectively. The difference between dosage 
forms in the total amount of salicylate excreted shows that the extent of 
aspirin gum bioavailability was less than that of aspirin tablets. 


The individual cumulative amount of total salicylate recovered in the 
urine at 24 hr following dosing and the relative bioavailability of aspirin 
gum are shown in Table 11. The differences in total salicylate recovered 
in the urine were significant ( p  < 0.05), and the bioavailability of aspirin 
gum ranged from 61.0 to 81.0% (mean f SE of 69.5 f 3.4%). Since the 
renal clearance of free salicylate is pH dependent, urine pH possibly may 
influence the excretion pattern of aspirin metabolites and affect the 
evaluation of aspirin bioavailability. The pH of each urine sample col- 


(Eq. 1) 
U ,  (gum) D (tablet) 


Fred%) = [ U, (tab1et)J [ D (gum) ] 
Statistical Analysis-A paired t test was used to determine the sig- 


nificance of differences in the mean total aspirin bioavailability between 
the gum and the tablet, respectively. A one-way analysis of variance was 
used to determine the significance of the effect of chewing time on the 
amount of aspirin recovered from chewed gum. 


RESULTS AND DISCUSSION 


Table I lists the mean f SE amounts of total salicylate (in terms of 
equivalent aspirin) excreted in the urine at various intervals up to  24 hr 
following dosing. After tablet administration, a mean f SE of 91.2 f 1.7% 
of the aspirin dose was recovered in the urine. This percentage of dose 
recovered is consistent with the values reported by other investigators 
(16,17) who recovered virtually 100% of the aspirin dose as metabolites 
in the urine. The analytical method used in this study to measure total 


Table 11-Individual Cumulative Amounts of Total Salicylate 
(Expressed as Milligrams of Aspirin Equivalents) Excreted in 
the Urine 24 hr after Administration of Gum and Tablets and the 
Relative Bioavailability of Aspirin Gum 


Table 111-Total Amount of Salicylate (in Milligrams of Aspirin) 
Recovered in  the Chewed Gum and Cumulative 24-hr Urine 
Collection af ter  Administration of Three Aspirin Gum Pieces 
(680.4) 


Gum, Urine, Total, 
Subject mg mg mg 


U,, Gum", U,, Tabletb, F r e ~  
Subiect me: ma % 


A 
B 
C 


410.8 
497.2 
460.1 
369.0 


587.7 67.6 
586.7 81.0 
565.1 77.1 
572.2 61.0 
634.7 69.5 


A 
B c 


263.3 
249.8 


410.8 
497.2 


674.1 
747.0 
682.5 
714.2 
670.6 
657.9 
691.1 
f13.6 


D 
E 
F 


222.4 
345.2 
204.5 
259.5 
257.5 


460.i 
369.0 
466.1 


466.1 
398.4 
433.6 


D 
E 
F 
Mean 
f S E  


._ ~ 


618.2 
592.6 


61.0 
69.5 Mean 


fSE 398.4 
433.6 
f19.8 


19.8 11.2 3.4 
f19.8 


0 Oral dose, 680.4 mg. * Oral dose, 648 mg 
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Table IV-,4mount of Salicylate (in Milligrams of Aspirin) 
Remaining in Chewed Aspirin Gum after  the Chewing of Three 
Gum Pieces (680.4 mg) by Four Volunteers 


Chewing time, Volunteer Mean 
min A B C D f SE 


5 195.4 280.7 301.7 385.4 290.8 f 39.0 
10 250.0 177.1 279.7 216.8 230.9 f 22.0 
15 213.6 261.9 276.5 202.2 238.6 f 18.2 
30 170.4 209.5 217.0 242.1 209.8 f 14.9 


lected during the study was recorded, and average pH values of all urine 
samples collected following administration of the tablet and gum were 
6.1 and 6.3, respectively. The differences in urine pH between the two 
sets of urine :samples were not significant ( p  > 0.05) using a paired t test, 
and it was concluded that urine pH did not influence the determination 
of relative bioavailability. 


The amounts of salicylate remaining in the gum for each individual 
volunteer after chewing for 15 min are listed in Table 111. The average 
amount of sdicylate remaining in the gum represents 37.8% of the dose 
administered. When added to the 24-hr urinary recovery of salicylate, 
the amount of total salicylate in the chewed gum mass accounted for 101.6 
f 2.0% (mean f SE)  of the administered dose. Therefore, it may be 
concluded that the difference in the extent of bioavailability between 
aspirin gum and tablets is due to salicylate becoming entrapped or bound 
to the gum base during chewing. ’ 


Table IV shows the effect of chewing time on the amount of salicylate 
retained in the gum base. After 5 min, the average amount of salicylate 
in the chewed gum was equivalent to 42.7% of the administered dose. For 
chewing times of 10,15, and 30 min, the average percentages of dose re- 
maining in the gum between 5 min and the other chewing times were not 
significant ([I > 0.05); therefore, the use of a 15-min chewing time in the 
bioavailability study did not influence the determination of relative 
bioavailabili ty. 


In aspirin bioavailability studies where single doses in excess of -500 
mg are used, consideration must be given to the possible effects of dose- 
dependent kinetics on the determination of relative bioavailability. This 
is particularly crucial in bioavailability studies based on the measurement 
of serum salicylate concentrations where dose-dependent kinetics may 
influence the shape of the serum concentration-time curve and possibly 
bias bioavailability calculations. In this study, total aspirin bioavailability 
for the gum and tablet was determined in terms of salicylate by analysis 
of total saliqylate recovery in the urine for up to 24 hr. This type of bio- 
availability tkudy design for aspirin eliminates any bias due to dose- 
dependent kinetics. In addition, measurement of total salicylate in the 
urine provides the most accurate estimation of total bioavailability be- 
cause it masks intra- and interpatient variability in rates of salicylate 
absorption and metabolism which may affect the size and shape of a 
serum salicylate-time curve (19). 


Since few !studies have correlated relative bioavailability with relative 
therapeutic efficacy, the clinical significance of the inferior bioavailability 
of aspirin gum is unclear. However, many studies have shown aspirin to 
be superior to placebo in the treatment of pain, and it is generally thought 
that the onset and magnitude of pain relief are a function of the rate and 


extent of aspirin bioavailability from its dosage form. No published 
studies document the effectiveness of aspirin gum as a systemic analgesic, 
and, based on the data presented in this report, it may be concluded that 
two 324-mg aspirin tablets will provide as much salicylate to the general 
circulation as four 227-mg aspirin gums. Furthermore, the usual recom- 
mended adult dose of aspirin gum which is two pieces, is less than the 
minimum therapeutic dose of 324 mg. 
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Abstract  Cetaben sodium solubilities were evaluated by micellar so- 
lubilization in various surfactants and lipid solvents. At pH 8, the rela- 
tionship between cetaben sodium solubility and surfactant concentration 
delineated apparent saturable kinetics; a t  pH 4.9, the relationship be- 
tween the two parameters was linear. In the presence of 0.5% sodium 
taurocholate and polysorbate 80, cetaben sodium solubility increased 
as the medium pH was increased; however, in the presence of 0.5% 
poloxamer 188, cetaben sodium solubility revealed a hyperbola when the 
pH was changed from 4.9 to 8.0. Cetaben sodium solubility was enhanced 
greatly by mixed physiological surfactants, full-strength caprylic-capric 
monodiglycerides or monodiglycerides, when compared to a single sur- 
factant system. Cetaben sodium solubility is influenced by pH, surfactant 
type, surfactant concentration, lipid solvent type, and the simultaneous 
presence of surfactants or phospholipids. 


Keyphrases Cetaben sodium-micellar solubilization in surfactant 
and lipid solutions 0 Solubility-micellization of cetaben sodium in 
surfactant and lipid solutions Surfactants-micellar solubilization of 
cetaben sodium Micellization-cetaben sodium solubilization in sur- 
factant and lipid solutions Antiatherosclerotic agents-micellar so- 
lubilization of cetaben sodium in surfactant and lipid solutions 


Cetaben sodium, sodium 4-(hexadecylamino)benzoate, 
is a new synthetic drug (1) highly effective in preventing 
and ameliorating the condition of atherosclerosis (2, 3). 
Cetaben sodium is an odorless, tasteless, white, soapy- 
textured powder; it is chemically stable under normal 
conditions and is not expected to present compatibility 
problems with the usual formulation excipients. However, 
cetaben sodium is practically insoluble in water at all pH 
values. As a consequence, analysis, bioavailability, and 
formulation problems have been encountered. 


This paper reports findings that characterize some 
solubilities for cetaben sodium and describes the solubil- 
ization mechanism using surfactants and lipid solvents. 


EXPERIMENTAL 


Materials-Cetaben sodium, >99% pure, was used as obtained'. 
Purified grade sodium taurocholate2 was found to have <1% impurities 
by TLC (4). In some experiments, polysorbate 803 and poloxamer 1884 
were used as obtained as nonionic surfactants for solubilizing cetaben 
sodium. L-a-Lecithin5 (99% pure) and monoolein6 and oleic acid6 (>99% 
pure) were obtained commercially. 


Caprylic-capric mon~diglycerides~, monodiglyceridess, polyoxypro- 
pylene 15 stearyl etherg, caprylic-capric triglycerides'O, triacetinll, ethyl 
citrateI2, and medium-chain triglycerides oil13 were used as lipid solvents 
as obtained. Analytical reagent grade monobasic and dibasic sodium 


l Metabolic Disease Research Section, Medical Research Division, American 
Cyanamid Co. 


Calbiochem Co., San Diego, Calif. 
Tween 80, Fisher Scientific Co., Fair Lawn, N.J. 


4 Pluronic F68, BASF Wyandotte Corp., Wyandotte, Mich. 
Type 111-D from egg yolk, Sigma Chemical Co., St. Louis, Ma. 


6 Sigma Chemical Co., St. Louis, Mo. 
Capmul8210, Capital City Products, Cleveland, Ohio. 


8 Arlacel 186, ICI, Wilmington, Del. 
Arlamol E, ICI, Wilmington, Del. 


lo Neobee M5, PVO, Boonton, N.J. 
l1 Triacetin, Union Carbide, New York, N.Y. 
l2 Pfizer Laboratories, New York, N.Y. 
13 MCT, Mead Johnson Laboratories, Evansville, Ind. 


phosphates'* were used as buffer components. The total concentration 
of buffer solution was 65 mM. Micellar solutions of the surfactants in 
phosphate buffer were prepared by ultrasound irradiation for 5 min with 
a sonifierI5. 


Solubility Determinations-An excess of cetaben sodium was added 
to 20 ml of micellar solutions contained in 50-ml amber screw-capped 
bottles. The bottles were shaken with a wrist-action shaker16 for 48 hr 
in a shaker bath17 (24 f 0.1'). The time required for equilibration was 
established by a repetitive sampling technique. After equilibration, 
samples were filtered through 0.45-jtm filtersIs held in adaptersl9 and 
diluted appropriately if required. The samples were assayed for cetaben 
content by high-performance liquid chromatography (HPLC). 


Analysis-Analytical determinations were carried out on an HPLC 
system consisting of a solvent-delivery unit20, an injector*', a 3.9-mm X 
30-cm reversed-phase analytical column with 10-jtm particleszz, a vari- 
able-wavelength UV detectorz3, and a strip-chart recorder24. The mobile 
phase contained 90% methanolz5 in 2.5 mM ammonium acetatez5. The 
system was operated a t  280 nm and ambient temperature, and the mobile 
phase flow rate was 3 ml/min. Cetaben content was quantitated by 
comparing peak heights obtained from the chromatograms of experi- 
mental samples with those of chromatographed standards. Standard 
calibration plots of peak height uersus concentration were linear in the 
concentration ranges studied. 


RESULTS AND DISCUSSION 


Influence of Surfactants  on Cetaben Sodium Solubility-Sur- 
factants are one of the most important groups of formulation excipients 
used for pharmaceutical preparations. Their unique physicochemical 
properties have prompted considerable interest in their possible effects 
on drug absorption. However, these effects seem to be specific and not 
unique (5). Since dissolution usually is the rate-determining step for 
hydrophobic drug absorption, the influence of surfactants on cetaben 
solubility was investigated. 


The solubilities of cetaben sodium in 0.5% sodium taurocholate, 
polysorbate 80, and poloxamer 188 a t  pH 4.9 were 0.028,0.021, and 0.016 
mg/ml, respectively; at  pH 8, the solubilities were 0.468,0.129, and 0.004 
mg/ml, respectively. With the same surfactant concentration, cetaben 
sodium was solubilized in the following order: sodium taurocholate > 
polysorbate 80 > poloxamer 188. This cetaben solubilization is ascribed 
to the micellization of the drug by the surfactant systems. In such aqueous 
systems, micellization is due primarily to hydrophobic interactions be- 
tween lipophilic moieties of the amphiphilic molecules (6). 


A striking difference in solubility with respect to pH change also can 
be noted from these results, as will be discussed. 


Influence of pH on Cetaben Sodium Solubility-The intralumenal 
intestinal pH varies under normal absorptive conditions and depends 
on the proximity of the absorbing segment to the pylorus. Therefore, the 
influence of pH on cetaben sodium solubility was evaluated. The pH of 
the aqueous media was varied from 4.9 to 8 by changing the relative 
amounts of the monobasic and dibasic salts of phosphate in the 
media. 


With sodium taurocholate and polysorbate 80, a significant increase 
in the cetaben sodium solubility was observed as the medium pH was 


~~~ ~ 


l 4  J. T. Baker Chemical Co., Phillipsburg, N.J. 
15 Branson Ultrasonic Corp., Stamford, Conn. 
l6 Model 75, Burrell Corp., Pittsburgh, Pa. 
l7 Eberbach Corp., Ann Arbor, Mich. 


Millipore Corp., Bedford, Mass. 
l9 Swinnex-25, Millipore Corp., Bedford, Mass. 
2O Model M6000A pump, Waters Associates, Milford, Mass. 
21 Model U6K, Waters Associates, Milford, Mass. 
22 pBondapak CIS, Waters Associates, Milford, Mass. 
23 Model 450, Waters Associates, Milford, Mass 
24 Omniscribe B-5000, Houston Instrument Division, Austin, Tex 
25 Fisher Scientific Co., Fair Lawn, N.J. 
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Figure 1-Cetaben sodium solubilities in the  presence of 0.5% (wlv) 
sodium taurocholate (O), polysorbate 80 (A), and poloxamer 188 (0) 
atpH4.9,5.9,7.1,and8.0.  


increased (Fig. 1). Two separate mechanisms may account for this ob- 
servation. The first mechanism is related to the ionization of cetaben 
itself. The apparent basic pKal and acidic pKa2 of cetaben were 2.6 and 
5.3, respectively, in acetic acid when titrated with standardized perchloric 
acid that also was in acetic acid (7). Therefore, within pH 4.9-7.3, the 
proportion of cetaben in its anionic form increases as the hydrogen-ion 
concentration decreases, resulting in an increase in the aqueous solubility 
of cetaben as the pH is increased. The free acid form of cetaben had a 
much lower solubility than its sodium salt, indicating a consistency with 
the pH-partition hypothesis. 


Changes in the critical micelle concentration (CMC) and micellar 
structure may offer another explanation for the changes in cetaben sol- 
ubility under different pH conditions. Structurally, cetaben itself appears 
to have micellar properties. The alkaline pH conditions may enhance the 
mixed micellar formation, which results in a greater increase in cetaben 
solubility beyond pH 7.1-8. Bloor et al .  (8) showed that the CMC for 
polysorbate 40 decreased with the pH increase as a result of the higher 
entropy change, which, in turn, was due to the greater degree of water 
structure at  higher pH. 


No evidence has proved or disproved the general applicability of these 
findings for surfactants other than polysorbate 40. Nevertheless, these 
postulations provide a possible explanation for the present experimental 
observations. I t  is likely that cetaben would partition more into the mi- 
cellar phase resulting from a lower CMC a t  higher pH as compared to the 
lower pH conditions. The overall magnitude of the changes in cetaben 
solubility would depend entirely on the relative contribution of each 
mechanism. At pH values greater than 7.1, cetaben exists >98% as the 
anionic species. The sharp increase in cetaben solubility from pH 7.1 to 
8 (Fig. 1) then is most likely due to changes in the CMC and micellar 
structure that are predominant under alkaline pH conditions. 


In contrast to the sodium taurocholate and polysorbate 80 systems, 
the pH-solubility profile for poloxamer 188 delineated a hyperbola (Fig. 
1). The described mechanisms still are applicable, except to the lowering 
of cetaben solubilities under alkaline pH values. This exception indicated 
that poloxamer 188 was not stable a t  alkaline conditions as compared to 
acidic conditions, a rationalization that was justified by a control ex- 
periment under the same experimental conditions using a UV spectral 
shift technique. As the medium pH becomes more alkaline, poloxamer 
188 may degrade extensively, lose its surfactant properties, and, thus, 
cause the gradual dropping in cetaben solubility. 


The complexity of the mixed micellar system makes analysis of the 
mechanisms contributing to the observed pH-solubility profiles difficult. 
The proposed mechanisms should be viewed as reasonable hypotheses 
explaining the present experimental observations. Further investigation 
should clarify the actual contribution of each mechanism to the overall 
pH-solubility profiles. 


Influence of Surfactant  Concentration on Cetaben Sodium Sol- 
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Figure 3-Cetaben sodium solubilities i n  the presence of uarious 
strengths of polysorbate 80 at pH 4.9 (0) and 8.0 (A). 
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Figure 4-Cetaben sodium solubilities in the presence of various 
strengths of poloxamer 188 a t  pH 4.9 (0) and 8.0 (A). 


concentrations higher than the CMC, micelles tend to coalesce into long 
rod-shaped micelles and cylindrical aggregates; finally, at  very high 
concentrations, a phase transformation into lamellar structures takes 
place. Each transformation point varies and depends on the type of 
surfactant, the nature of surfactant, and the medium conditions. 


Influence of Mixed Physiological Surfactants on Cetaben Solu- 
bility-Bile salts and phospholipids have been recognized as physio- 
logical surfactants important to lipid absorption (13,14). The present 
study examined the effect of some physiological surfactants and mixed 
surfactant systems on cetaben sodium solubility. 


Sodium taurocholate, lecithin, oleic acid, and monoolein were prepared 
in different proportions (Table I). Cetaben solubility was increased 
ninefold by taurocholate-monoolein, 23-fold by taurocholate-lecithin, 
368-fold by taurocholate-oleic acid, 376-fold by taurocholate-oleic 
acid-lecithin, and 631-fold by taurocholate-oleic acid-monoolein when 
compared to taurocholate alone. Solubility enhancement can be attrib- 
uted to an increased effective surface area when mixed disk micelles are 
formed (15). It also is possible that the inclusion of a second solubilizate 
may cause rearrangement of the mixed micelle structure, thereby altering 
the distribution coefficient favorable to solubilization (16). 


Influence of Lipid Solvents on Cetaben Solubility-Lipid solvents 


Table I-Cetaben Sodium Solubilities i n  Solutions Containing 
Physiological Surfactants Prepared in Different Proportions 


Surfactant mM mg/ml Ratiob 
Molar Ratio“, Solubility, Solubility 


Taurocholate 10 0.029 1 
Taurocholate-monoolein 105  0.243 9 
Taurocholate-lecithin 10:5 0.647 23 
Taurocholate-oleic acid 62.5:3540 10.313 368 
Taurocholate-oleic acid- 62.5:3540:0.78 10.547 376 


Taurocholate-oleic acid- 62.5:3540:1.75 17.658 631 
lecithin 


monoolein 


0 The 10 mM was chosen because of its similarity to physiological concentrations 
of bile salts and its frequent use in previous studies. The ratios were chosen for 
convenience in preparation. Solubility ratio = solubility in mixed surfactants/ 
solubility in sodium taurocholate. 


greatly enhance the bioavailability of hydrophobic compounds (10). 
Therefore, the effect of lipid solvents on cetaben solubility was studied 
to provide additional formulation information. 


The selected lipid solvents were used at  100% strength. The solubili- 
zation capacity of lipid solvents for cetaben was in the following order: 
caprylic-capric monodiglycerides (23.191 mg/ml) > monodiglycerides 
(22.821 mg/ml) > triethyl citrate (0.61 mg/ml) > polyoxypropylene 15 
stearyl ether (0.305 mg/ml) > medium-chain triglycerides (0.224 mg/ml) 
> caprylic-capric triglycerides (0.108 mg/ml) > triacetin (0.043 mg/ 
ml) . 


Unlike solutions in aqueous media, micelles are formed by a stepwise 
aggregation rather than by a simple monomer-micelle equilibrium 
characteristic of aqueous systems (6, 17). The driving force behind 
aggregation and micellization in these nonaqueous media likely is due 
to dipole-dipole interactions between polar heads of the amphiphilic 
molecules (6). 


Cetaben sodium is a promising antiatherosclerotic agent. Knowledge 
regarding the mechanism of its solubilization by surfactants and lipid 
solvents, as well as factors modifying its solubility, is essential for de- 
velopment of optimal formulation conditions. 
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Abstract 0 A series of alkoxyfuroic acids with alkyl lengths of n = 8-18 
was synthesized, and the solid-state decomposition was studied. Bawn 
kinetics were adhered to, and the solid and liquid decomposition rate 
constants were established; they followed an Arrhenius relationship well, 
with energy of activations and preexponential factors being a function 
of the chain length. There was a break in this correlation between n = 
14 and n = 16. The liquefaction points were of the expected correlation 
with inverse temperature. The isokinetic temperature (Ti) fell fairly well 
on the line demonstrated for other compound series. 


Keyphrases Solid-state decomposition-alkoxyfuroic acids with alkyl 
chain lengths of n = 8-18 0 Alkoxyfuroic acids-Arrhenius relationship, 
energy of activation and preexponential factors as a function of chain 
length 0 Bawn kinetics-solid and liquid decomposition rate constanta 
of alkoxyfuroic acids 


Chemical decomposition of pure solids has been dis- 
cussed sporadically in the literature, the principal publi- 
cations being those of Prout and Tompkins (1) and Bawn 
(2). The reactions are usually dictated to a great extent by 
physical (e.g., active site propagation) rather than chemical 
steps, resulting in high activation energies (300-400 kJ)  
when the reaction is one where: 


solid - solid + gas 
Scheme I 


This reaction (Scheme I) was essentially covered by 
Prout and Tompkins, whereas the reaction (Scheme 11) 
treated by Bawn is: 


solid -+ liquid + gas 
Scheme I I  


Several reactions of this latter type were reported in the 
pharmaceutical literature (3-6). In these reactions 
(Scheme 11), it was shown that the part occurring in the 
solid is not necessarily dictated by active site propagation 
and that chemical factors are much more prevalent (5) 
than when Scheme I applies. Chemical substituent effects 
have, for instance, been demonstrated (3-5). 


&COOH i- Br2 -+ B r k C D O H  + HBr 


Scheme III  


The work described in this report deals with chemical 
substituent (chain length) effects in a series of alkyloxy- 
furoic acids. One of these acids (7) was previously shown 
to be a hypolipidemic agent. 


EXPERIMENTAL 


Synthesis-The compounds studied were 5-alkyloxy-2-furoic acids, 
i.e., RCOOH, where R = CnH~+l-O-(C~H20)- and where n = 8,10,12, 
14,16, and 18. The syntheses were carried out by the method described 
by Parker et al. (7)  with a few modifications. Furoic acid was first 
brominated to give 5-bromofuroic acid, using carbon tetrachloride as a 
solvent (Scheme 111). 


A 2-liter round-bottom flask, fitted with a reflux condenser, drying 
tube, and magnetic stirrer, was charged with 250 g of furoic acid and 1.2 
liters of carbon tetrachloride. The mixture was stirred until all of the 
furoic acid was dissolved. The solution was heated to 40°, and then 500 
g of bromine was added slowly through a funnel directly fitted to the flask. 
The reaction mixture was then refluxed on a water bath for 5 hr. A t  the 
end of the refluxing period, carbon tetrachloride was distilled off. 


The product of the reaction was dissolved in boiling water and filtered 
hot. Upon cooling, the bromosubstituted acid precipitated. It was further 
purified by recrystallization from hot water. To eliminate any dibro- 
mofuroic acid that might have formed, the barium salt was prepared as 
follows. For each gram of the product, 25 cm3 of water was added and 
made strongly alkaline with ammonium hydroxide; 1 g of barium chloride 
was added with some activated charcoal. After 15 min, the solution was 
filtered. The filtrate was acidified with hydrochloric acid; the 5-bromo- 
furoic acid, which precipitated out, was recrystallized from hot water. 
The yield was 60%, mp 186", in agreement with the melting point ob- 
tained by Whittaker (8). 


The 5-alkyloxy-2-furoic acid was next synthesized from the bromo- 
furoic acid in two stages as shown in Schemes IV and V. 


A reaction flask was charged with 1 liter of toluene, and -0.1 liter of 
the solvent was distilled off to dry. The toluene remaining was cooled to 
40° under nitrogen, and 0.33 mole of n-alkanol and 0.45 mole of sodium 
hydride (as a 5W dispersion in oil) were added. The mixture was refluxed 


n-C,H% +1 OH + NaH - n-C,H2, + ONa + H2 
toluene 


Scheme IV 


n-C,Hzn+lONa + 
A, acetic acid 


C , H , + ~ - O ~ C O O H  + NaBr 


Scheme V 
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Table I-Properties of 5-Alkyloxy-2-furoic Acids 


Heat of Fusion, MDTA from 
AHf,  Obtained Thermal 


Melting from Kinetic Analysis, q = AH! - AHDTA, Density, Crude 
no Point Data, kJ/mole kJ/mole kJ/mole g/cm3 Yield, % Recrystallized Yield, % 


82 1.28 60 47 
-c 1.23 40 30 


8 127" 111 29 
10 125" 53 - 
12 122" 72 41.2 31 1.13 72 63 
14 119" 68 31.6 36 1.13 72 63 
16 118" 63 -e - c  1.11 35 23 
18 117" 73 36 37 - 58 50 
5-BFAd 186" 75 70 


C 


(1 n = alkyl length. b Densities done by pycnometry. In the case of n = 18, the material wets very poorly in solvents in which it is poorly soluble and density data are 
not available. Decomposition pertubates thermogram too much in these cases to draw conclusions. d 5-Bromofuroic acid. 


for 3 hr and then cooled under nitrogen to 40-45". A suspension of 0.2 
mole of 5-bromofuroic acid in 0.2 liter of dry toluene was added rapidly. 
The reaction mixture was held at 60" for -1 hr to ensure that the balance 
of the sodium hydride had reacted to form the sodium salt of the acid. 
It was then heated at  reflux temperature for 16 hr. 


The mixture was cooled to 30°, and 1.2 liters of ether was added, fol- 
lowed by 0.3 liter of 15% acetic acid. Stirring was continued for -30 min. 
The organic portion was separated with the help of a separator and then 
was washed three times with either distilled water or saturated sodium 
chloride solution. The solution was dried with calcium chloride, and then 
the drying agent was removed by vacuum filtration. Most of the ether 
was stripped off with the help of a flask-evaporator and a hot water bath 
held at  45". The concentrated solution was chilled in a freezer for 12-15 
hr. 


The precipitated solid was filtered off and washed with cold toluene. 
The crude product was dissolved in hot %butanone or acetone, and then 
activated charcoal was added. The mixture was stirred for a few minutes 
and filtered while hot. This solution was cooled gradually to 5", and the 
recrystallized product was filtered off after a few hours. Recrystallization 
was carried out at least three times to ensure purity. The compounds were 
identified with the help of NMR and mass spectra and, where possible, 
differential scanning calorimetry. Melting points were determined and 
are listed in Table I. 


Kinetic Studies-Kinetic studies were carried out by preparing a 
sample in uacuo in a sample bulb with an attached mercury manometer 
such as was described previously (3,6). The whole assem6ly was placed 
in a tall thermostatically controlled bath with either water or mineral oil 
as the medium; temperature control was k0.2'. The amount of gas 
pressure at  any time can be deduced from a knowledge of the volume, 
mercury height, and density of mercury at  the temperature in question 
and can then be converted to number of moles of gas produced. 


Condensation characteristics and mass spectra of the gas confirmed 
it to be carbon dioxide. Since, in the manner described, the decomposition 
takes place in a system that is evacuated but that contains mercury vapor 
in the headspace, several control studies were done in break-seal tubes 
(3) to ascertain that the mercury vapor did not affect reaction rates. 


Vapor Pressure Studies-Since the possibility exists that the de- 
composition of a solid at constant volume occurs in the vapor phase, the 
vapor pressure of the various solids was determined. The Knudsen 
effusion method was used (9-12). In this method, the rate of vapor loss 


5 1.0. 


2 
8 
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2 0.8 


UJ 
0 0.6 - % 
z 0 0.4 
l- 
0 
a 0.2 
U 
u 
J 
0 
I 


- 
a 


30 60 90 120 150 180 210 240 270 300 330 - 
HOURS 


Figure 1-Decomposition of octyloxy furanoic acid at various tem- 
peratures. Key: 0,85"; 0, 90°, 0 ,95";  and O,lOOo. 


through a small orifice is measured gravimetrically under conditions of 
free molecular flow; the vapor pressure is calculated directly from the 
proportionality between the rate of mass loss and the vapor pressure. 


The Knudsen cells used were aluminum crucibles with a lid placed on 
the top in conjunction with an "0' ring. A small orifice (0.5-mm diameter) 
was drilled in the lid. The mean value of the orifice diameter was deter- 
mined microscopically. The fidelity of the method was checked by de- 
termining vapor pressures of a compound (benzoic acid) with well-es- 
tablished vapor pressure values (13). The cells were placed on the pan 
of an electrobalance in a vacuum chamber such as was described previ- 
ously (14). 


To determine the decomposition rate constant in the vapor phase, a 
2-liter bulb was equipped with a break-seal tube. The amount of alk- 
oxyfuroic acid necessary to (just) saturate the bulb at  95" was calculated 
from the vapor pressure uersus temperature curve. This amount was then 
added to the bulb as a methanol solution. The solvent was then evapo- 
rated off (on the vacuum rack) a t  room temperature, and the nonbreak- 
seal end was fused off. The bulb was placed at  95", and the amount of 
carbon dioxide evolved after 1 week was determined, in this case by means 
of a McLeod gauge with a 1:10,000 ratio of compression capacity. 


RESULTS AND DISCUSSION 


The general pattern is that the solid decomposes by some means and 
that a liquid decomposition product is formed. There are three main 
feasible models that could account for this reaction. 


In Model A, the solid (RCOOH) evaporates and decomposes in the 
vapor phase to RH and COz, and RH condenses. Decomposition in the 
solid state is negligible. 


In Model B, the solid (RCOOH) decomposes in the solid state and, in 
addition to carbon dioxide, forms liquid RH in which RCOOH is insol- 
uble. [Prout-Tompkins kinetics (l)]. 


In Model C, the solid (RCOOH) decomposes in the solid state and, in 
addition to carbon dioxide, forms liquid RH in which RCOOH is soluble 
[Bawn kinetics (2)]. 


2.8 2.9 3.0 3.1 
1 OOOIT. K-' 


Figure 2-Vapor pressures as a function of temperature. Only four of 
the alkoxyfuroic acids are plotted to auoid crowding. Key: 0, n = 8; A, 
n = 10; V, n = 14; and 0, n = 18. 
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Table 11-Mole Fraction (X,) at Complete Liquefaction 


Temperature n a  
( T )  8 10 12 14 16 18 


127' 
125' 
119' 
118' 
117' 
loo" 
95' 
goo 
85' 


0 0 
0 


0 


0.60 0.59 0.56 0.48 
0.73 0.68 0.65 0.62 
0.84 0.75 0.76 0.76 
0.91 0.80 0.83 0.78 


0 


0.65 0.70 
0.72 0.74 
0.80 0.80 
0.90 0.89 


0 


Eq. 8, N b  4 4 4 4 3b 4 


AHz.  h f  1 1 1  5.1 72 68 63 73 


Correlation coefficient -0.997 -0.999 -0.997 -0.990 -0.994 -0.957 
Slope -13,355 -6360 -8655 -8117 -7580 -8824 
Interce t 34.9 16.1 22.4 21.1 19.3 22.5 
-- , --- 
T,,, 'OK 
To.  'C 


- _ _  
383 
110 


_ _  
394 
121 


386 
113 


385 
112 


393 
120 


391 
118 


a n = alkyl length. * Number of points used. In the case of n = 16, only the first 3 points were used since the point at 8 5 O  appears to be a (slight) outlier. 


There is also the possibility of Model B or C in combination with Model 


For Model A, Scheme VI applies: 
A. 


RCOOH(so1id) - RCOOH(vapor) - RH + COz 
Scheme VI 


If A denotes the amount of intact RCOOH, then by denoting its vapor 
pressure as P:  


dA/dt = -k'P (Eq. 1) 


Since P is simply a function of temperature, the reaction, carried out 
isothermally, would be zero order, with a rate constant of 


ko = k'P (Eq. 2a) 


A typical decomposition curve is shown in Fig. 1. It is obvious from visual 
inspection that the decomposition is not zero order. Furthermore, the 
decomposition rate constants in the gas phase were found in the worst 
case ( n  = 8) to be of the order of 3 X hr-l at 95'. Vapor pressure 
curves are shown in Fig. 2. For n = 8, the pressure at  95' was 89 X 
Pa (-9 X atm). The headspace ( V )  of the bulb/manometer was -100 
cm3, so that ( N  denoting moles): 


(Eq. 26)  


which, with the previous figures, amounts to 0.9 X molehr or (the 
molecular weight for n = 8 being 228) 2 X mg/100 hr. Hence, Model 
A can be ruled out. 


During the decomposition as time progresses, more and more liquid 
is present and less and less solid exists. At a particular point, no more solid 
is present and the entire sample is liquid. If Model B is correct, then this 
point should correspond to 100% decomposition. But this is not the case; 
this point occurs, on the average, a t  75% decomposition. Hence, the parent 


dN/dt  = (VIRT) dPldt = (V/RT)k'P 


MOLE FRACTION (XI  OF RH 


Figure 3-Melting-point diagram of RCOOH and RH. If the decom- 
position is carried out at TI, then at a certain time ( B )  a decomposition 
corresponding to XB will haue occurred. The amounts of solid and liquid 
will be determined by the weight arm rule. At a particular point in time 
(t), the last solid will disappear. This point corresponds to point A (xs, 
TI), which is part of the melting-point curue. 


compound (RCOOH) has a finite solubility, S moles/mole RH, and Model 
C seems to be a more feasible model. The mathematical consequences 
of the model are as follows (6). If X denotes mole fraction decomposed, 
if k, is the decomposition rate constant of RCOOH in the solid state, and 
if k~ is the decomposition rate constant of RCOOH in solution in RH, 
then: 


ln(1 + A X )  = at (Eq. 3) 


where A is an adjustable parameter and t is time. The value of A is given 
by: 


(Eq. 4) A = a /k ,  


and: 


a = klS - k,S - k, (Eq. 5) 


S can be determined from the time, t,, a t  which the system becomes 
completely liquid. If the amount decomposed at  this point is X,, then 
the amount not decomposed is 1 - X, and, hence, the solubility is 


S = (1 - X,)/X, moles/mole (Eq. 6) 


Beyond time t,, the system is a solution and should adhere to first-order 
kinetics, i.e.: 


ln[(l - X)/(1 - X,)] = -k( t  - t , )  (Eq. 7) 


For Model C to apply, it is necessary that: ( a )  the data below time t ,  can 
be linearized uia Eq. 3; ( b )  the data above time t, can be linearized by 
suitable liquid kinetic schemes; and ( c )  the value of kr found from this 
latter scheme when inserted in Eq. 5, together with the solubility S = (1 
- X,)/X, and k, from Eq. 4, gives a value of a in agreement with the 
value of a from Eq. 3. If the above statements hold, then a double check 
of the model is established for its correctness. Of course, a model is never 


-2.51 I I I I I I 
2.68 2.70 2.72 2.74 2.76 2.78 


iOOOlT, OK-' 


Figure 4-X, plotted as a function of IOOO/T. Key: 0, n = 20; and 0, 
n =8.  
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Table 111-Least-Squares Fit Data According to Eq. 3. 


k,, lo4 
n Temperature A C D hr-' R 


8 85" 18.904 0.00858 0.00009 4.5 0.994 
8 90" 10.973 0.0160 0.00008 14.6 0.992 
8 95" 14.021 0.0435 0.00009 31.0 0.991 
8 100" 12.579 0.106 0.00008 83.9 0.994 


10 85" 20.289 0.00758 0.00002 3.7 0.990 
10 90" 22.716 0.0283 0.00007 12.5 0.991 
10 95" 18.814 0.0438 0.00008 23.3 0.992 
10 100" 23.188 0.150 0.00008 64.5 0.994 
12 85" 62.094 0.00915 0.00005 3.5 0.990 
12 90" 39.795 0.0402 0.00007 10.1 0.992 
12 95" 41.035 0.07842 0.00009 19.1 0.993 
12 100" 47.860 0.245 0.00007 51.2 0.990 
14 85" 22.456 0.00679 0.00007 3.0 0.997 
14 90" 72.127 0.05965 0.00006 8.3 0.998 
14 95" 123.577 0.1661 0.00007 13.4 0.992 
14 100" 17 5.3 12 0.556 -0.00010 31.7 0.990 
16 85" 30.196 0.00835 0.00004 2.8 0.990 
16 90" 48.866 0.0460 0.00009 9.4 0.993 
16 95" 42.389 0.0859 -0.00004 20.3 0.992 
16 100" 54.795 0.358 0.0000 65.4 0.997 
18 85" 24.460 0.00859 0.00007 3.5 0.998 


18 95" 51.261 0.0726 0.00009 14.2 0.998 
18 100" 77.328 0.476 -0.00008 ' 61.6 0.997 


18 90" 71.224 0.0453 0.00009 6.4 0.999 


-5 


- -6- 
L 
c 
ir 


-Y 
5 -7- 


-8 


a n = alkyl lengths. 


"proven"; it is simply established that the data generated do not conflict 
with it. Therefore, it is prudent to check the adherance in as many ways 
as possible to guarantee that the model is self-consistent. 


It is obvious that the values of t ,  and X ,  are important, and some 
elaboration on this point will be made prior to testing the remaining 
points regarding Model C. If one considers a eutectic diagram (e.g., Fig. 
3), then it is obvious that a t  a given temperature, TI, the point ( X 8 ,  TI) 
is part of the melting-point curve, provided the two compounds, RCOOH 
and RH, form a simple melting-point diagram to the left of the eutectic 
point without solid solution formation. 


The left eutectic diagrams, constructed from T uersus X ,  data, are 
given in Table 11. The heat of fusion of RCOOH should be obtainable 
from these curves since: 


- 


- 


= (-AH//R)[(l/T,) - (l/To)] (Eq. 8) 


where TO is the melting point of RCOOH and T is the temperature cor- 
responding to the particular X, in consideration; R is the gas constant 
(8.3143 J mole-' degree-'). Examples of data plotted according to Eq. 
8 are shown in Fig. 4. Least-squares fit parameters are shown on the 
bottom of Table 11. The AH/ value is obtained by multiplying the slope 
by -8.31, and TO is minus the slope divided by the intercept. It should 
correspond to the melting point and, except for n = 8, this correlation 
is reasonably good. 


HOURS 


2.8t 2.4 J g 5 0  
/ A 5 0  


I 7 F  


60 120 180 240 300 
-HOURS 


Figure 5-Data from Fig. 1 plotted according to Eq.  3. Key: 0,85"; 0, 
90"; 0 , 9 5 O ;  and 0, 100". Note dual scales. 


The A& values obtained in this fashion are shown in Table I to enable 
comparison with data to be developed later. When differential thermal 
analysis (DTA) is applied, a AH value is obtained that is the heat of fusion 
for stable compounds. It is derived from the area under the endotherm. 
For compounds that decompose below their melting point, however, the 
AH value obtained from this area is the difference between the heat ab- 
sorbed (AH/) due to melting and the heat evolved (q)  due to the reaction, 
i .e,: 


(Eq. 9) 


Therefore, the enthalpy of reaction (-9) can be deduced, and values of 
AHDTA and q are listed in Table I. There were cases ( n  = 10 and n = 16) 
where the reaction taking place concurrent with or before melting made 
the thermograms so poorly reproducible that they are not reported here. 
The values for q should be viewed in this light as well. For n = 8, the 
melting point obtained from the kinetic data (Eq. 8) differs from that 
obtained by differential thermal analysis by several degrees. However, 
the latter is questionable rather than the former. The values of AH/ and 
q are not germane to the further development; they are included here 
simply for completeness and to indicate that ancillary values obtained 
in the study did not conflict with the proposed model. 


As an example of the fits obtained uia Eq. 3, the data shown by direct 
plotting in Fig. 1 were transposed uia Eq. 3 and are shown in Fig. 5. The 
fit is good. Least-squares fit parameters obtained by iteration of Model 
A for all of the data are shown in Table III in the form: 


ln(1 + Ax) = Ct + D (Eq. 10) 


M D T A  = mf - 


I I I I I I I I I I I I J  


lOOO/T, OK-' 
2.7 2.75 2.8 


Figure 6-Arrhenius plot of k, (hr-l) .  For graphical clarity, only n = 
8 (A), n = 12 (V), and n = 14 (0) are shown. 
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10 15 20 25 
HOURS 


Figure 7-First-order kinetics after the point where complete lique- 
faction has occurred. Key: V, n = 10; 0, n = 14; and A, n = 16 (all a t  
1000). 


It is noted from the table that the D values are small (<O.OOOl) at  the 
same time as R, the correlation coefficient, is high (never CO.99). Hence, 
C becomes synonymous with a in Eq. 3, allowing calculation of k, uia &. 
4. The values of k, obtained in this fashion are shown in Table 111. 


The temperature dependence of the k, values is, according to the 
Arrhenius equation: 


Ink, = -(E,/R)(l/T) + In 2 (Eq. 11) 
where E, is the activation energy and 2 is a preexponential factor. This 
is exemplified in Fig. 6 (linearity is obvious upon visual inspection). 
Least-squares fit parameters are shown in Table IV, and the high cor- 
relation coefficients are indicative of the good fits. 


As mentioned, the data in Table I11 ( A  = a /k ,  and C = a) in conjunc- 
tion with the values from Table I1 [S = (1 - X,)/X,] will allow calculation 
of the decomposition rate in solution, kr hr-l. The parts of the curves 
beyond t, can be used directly to calculate the first-order decomposition 
rate of RCOOH in solution in RH. An example is shown in Fig. 7; the 
linearity is graphically obvious, supporting the assumption of first-order 
kinetics in solution, i.e., confirming Eq. 7. The reproducibility is fair a t  
best (flWo for the rate constants). The rate constants obtained in this 
fashion are denoted simply k (Table V). The correlation coefficients 
confirm the visually observed linearity. 


If the proposed model is correct, then k and kr should be identical. 
They were plotted in linear fashion (Fig. 8); again, the linearity with a 
zero intercept is implied by: 


k = Alk + B1 (Eq. 12) 
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Figure 8-Solution decomposition rate constants (kl) derived from a 
as a function of solution decomposition rate constants (k) found ex- 
perimentally. 


Table IV-Arrhenius Parameters for  the Alkoxyfuroic Acids. 


na E,, J/mole z 
8 
10 
12 
14 
16 


2.2 
2.0 
1.9 
1.7 
2.3 


3.69 lP7 
2.62 loz6 


9.9 1020 
5.09 1024 


3.8 1029 
6.78 loz6 18 2.1 


a n = alkyl length. 


Table V S o l u t i o n  Decomposition Rate Constants (Hour-') for 
the Alkoxyfuranoic Acids (RCOOH) in Solution in RH as a 
Function of Reciprocal Temperature Eq. 11 


Corre- 
lation 
Coeffi- 
cient, Intercept Slope 


no R2 (In 2') (-E./RI E m .  kJ/mole z 
0.87 X 1O'O 


10 0.984 51.01 -19,513 162 1.42 X loz2 
12 0.969 50.15 -19,083 159 6.02 X loz1 
14 0.933 55.78 -20,903 174 1.68 X loz4 
16 0.925 55.66 -21,006 176 
18 0.911 50.96 -19,239 160 1.35 X 


8 0.972 22.89 -9,113 76 


1.49 x 1024 


a n = alkyl length. 


where A1 should be unity and B1 should be zero. The least-squares fit 
values in Fig. 8 are A1 = 0.83 & 0.22 and B1 = 0.17 f 0.25, so the figure 
does not contradict the proposed model. The overall correlation coeffi- 
cient is 0.975. 


The kl or k values should be treatable by the Arrhenius equation (Fig. 
9). The least-squares fit parameters for these relations are shown in Table 
v. 


Pothisiri and Carstensen (4) suggested that the temperature a t  which 
kl = k, (Ti) is related to the melting point (T,,,) in log-log fashion. Data 
from the present study are pooled with data from Ref. 4, in Fig. 10, and 
the correlation seems to hold with the alkoxyfuroic acids as well as pre- 
viously reported compounds. Since the furoic acids have melting tem- 
peratures close to one another, they have been averaged, as has Ti (Fig. 
10). With the small number of compounds at  present, this is, a t  best, a 
rank-order correlation. 


An attempt was made to correlate the kinetic parameters with sub- 
stituent properties (chain length) in Fig. 11. Both E, and 2 decreased 


I I I I I I I 
2.68 2.72 2.76 2.80 


lOOOlT 


Figure 9-Logarithm of the solution decomposition rate constants of 
RCOOH in solution in RH plotted as a function of IOOOP' (OK-'). Key: 
0, n = 8; 0, n = 10; and 0, n = 14. The remainder are left out for 
graphical clarity. 
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Figure 10-Data from Refs. 3 (V) and 4 (0) plotted together with the 
average T, and Ti values (A) from this study. (Average T, = 394 rt 4 
O K  and, average Ti = 450 f 50 O K . )  
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with increasing chain length up to n = 14, after which there was an up- 
ward break in the curve. This discontinuity did not exist in other prop- 
erties of the series (vapor pressures, densities, and enthalpies of fusion 
and reaction). No explanation is offered for this break at  present. 
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NUMBER OF CARBONS, n 


Figure ll-E,/R and In Z from Eq. 11 (Table IV) plotted versus n. The 
values for n = 14 are slightly (4%) lower than previously reported (6) 
due to increased precision in this study (multiple runs). 


The effect of particle size was estimated by micronizing a sample (n 
= 14). At 85”, this sample had a value of k, = 3.3 X 10-4/hr as opposed 
to 3.3 X 10-4/hr for a nonmicronized sample; therefore the effect of 
particle size was not pronounced. All samples tested were not milled, i.e., 
were in the recrystallized state, and had surface areas, measured by ni- 
trogen adsorption, of -1 m2/g. 


A final note on reproducibility is in order. Data were duplicated with 
parameter values obtained from 10 sets that differed by no more than 
5%. The effect of the use of a mercury manometer as contrasted to the 
use of break-seal tubes was also tested (in five cases) with duplication 
within the previously mentioned error. 


Therefore, it is fairly conclusive that the alkoxyfuroic acids decompose 
as shown in Scheme 11, and solid and liquid decomposition rate constants 
have been established. The liquefaction characteristics are in accordance 
with what would be expected from melting-point diagrams with a rea- 
sonable correlation. Energy of activation is a functipn of chain length, 
as is the preexponential factor. There is a break in this correlation curve 
at  n = 14/16. The isokinetic temperature (Ti) falls fairly well on the 
correlation line established for other compounds. 
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Table IV-Average Urinary Excretion of Levodopa and Its Metabolite after Oral Administration of Levodopa to Sterilized Dogs and 
Control Dogs 


Total Total 
Dogs Total Levodopaa Total Dopamineb 3,4-Dihydroxyphenylacetic AcidC Homovanillic Acidd Totale 


Control 0.47 f 0.07f 8.9 f 1.2 9.3 f 1.4 30.4 f 2.3 49.1 f 2.4 
Sterilized 0.47 f 0.07 9.5 f 1.6 10.1 f 1.3 30.7 f 2.5 50.7 f 2.7 


Total levodopa = unconjugated levodopa + conjugated levodo a. * Total dopamine = unconjugated dopamine + conjugated dopamine. Total 3,4-dihydroxyphenylacetic 
acid = unconjugated 3,4-dihydroxyphenylacetic acid + conjugate$3,4-dihydroxyphenylacetic acid. Total homovanillic acid = unconjugated homovanillic acid + conjugated 
homovanillic acid. Sum of total levodopa, total dopamine, total 3,4-dihydroxyphenylacetic acid, and total homovanillic acid. f Percent of dose excreted in 0-48-hr urine 
(average f SE).  


tabolized by intestinal microorganisms ~n uitro to m-hydroxyphenylacetic 
acid, 4-methylcatechol, and 4-methylguaiacol. Furthermore, levodopa 
was reported to be metabolized by intestinal microorganisms to m- 
hydroxyphenylacetic acid in uiuo in conventional rats but not in germ-free 
rats (7-9). However, the small amount of metabolites formed by intestinal 
microorganisms reported by Bakke (6) and the fast absorption of levo- 
dopa from dogs observed in an in situ experiment5 support the hypothesis 
that bacterial metabolism of levodopa may be insignificant. 


The levodopa decarboxylase enzyme was widely distributed in the dog 
intestinal tract, with the greatest activity in the jejunum and the least 
activity in the duodenum. Taubin and Landsberg (10) suggested that 
catechol 0-methyltransferase also played an important role in levodopa 
metabolism in the rat intestine. Administration of the levodopa inhibitor 
or benzerazide [N-d l-seryl-N-( 1,2,3-trihydroxybenzyl)hydrazine], which 
cannot inhibit catechol 0-methyltransferase, increased plasma levodopa 
levels (11-14). This finding implies that catechol 0-methyltransferase 
plays a far less important role in intestinal metabolism of levodopa than 
levodopa decarboxylase. 


The data presented here indicate that the reduced bioavailability of 
orally administered levodopa is due to metabolism of levodopa by levo- 
dopa decarboxylase in the intestine, with the greatest activity in the je- 
junum and the least activity in the duodenum. 
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Abstract The Michaelis-Menten equation has been applied suc- 
cessfully in the study of enzyme kinetics. It usually is used to estimate 
urnax and k ,  from observations of the initial rate of reaction, u, at  various 
substrate concentrations, C,. A variation of this expression recently was 
used in pharmacokinetics, where it was assumed that the elimination rate 
of drug from some compartment is VC( t ) / [K  + C ( t ) ] ,  where C ( t )  is the 
drug concentration. The meaning of V and K in this context is not clear. 
Attempts were made to estimate V, K, and other model parameters by 
fitting the model to observed drug concentrations at sampling times after 
dosing. This paper discusses the ill-conditioning of the estimation of 
parameters of a differential equation that includes the so-called Mi- 
chaelis-Menten output. The solution of the equation is bound by the 
solutions to two first-order differential equations. Parameter values in 
an infinite region of the parameter space are shown to have solutions also 


lying within these two bounds. Simulations show that a minor change in 
the data (observations) or in the initial estimate of the parameters may 
cause a large change in the final estimates. In many cases, estimation and 
comparison of parameter values are meaningless. 


Keyphrases 0 Models, mathematical-compartment models with 
Michaelis-Menten-type elimination, computational problems, parameter 
estimation Michaelis-Menten equation-computational problems of 
compartment models, parameter estimation 0 Compartment mod- 
els-computational problems of models with Michaelis-Menten-type 
elimination, parameter estimation Pharmacokinetics-analysis, 
computational problems of compartment models with Michaelis-Men- 
ten-type elimination, parameter estimation 


Linear compartment models have been used successfully 
in pharmacokinetics for the past 40 years. Like all math- 


ematical models, they are an abstraction from the real 
biological system to a mathematical system and thus are 
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TIME 
Figure 1-Solution and bounds for Michaelis-Menten elimination 
model with D = 3, KA = 8, V = 0.418, and K = 0.182. 


approximations. Nevertheless, their successful use indi- 
cates that they are a good approximation with many drugs. 
For other drugs, they are not a good approximation, and 
attempts have been made to find nonlinear compartment 
models that are better. 


THEORETICAL 


One class of nonlinear models assumes that elimination of drug from 
the system, rather than being a first-order process, is a Michaelis-Menten 
process. The well-known Michaelis-Menten equation has been used 
widely and successfully in enzyme kinetic studies despite difficulties in 
the theoretical derivation (1,2). The Michaelis-Menten equation: 


u = UmaXs/ (km + Cs) (Eq. 1) 


is used to estimate u,,, and k, from observations of the initial reaction 
rate, u, at various substrate concentrations, C,. I t  was adapted to phar- 
macokinetic models by assuming that the elimination rate from a com- 
partment has a form similar to the right side of Eq. 1. Thus, if C ( t )  is the 
drug concentration in a compartment, then the rate of change of C ( t )  
is: 


(Eq. 2) 


where f ( t ,  0) is a function determined by the input into the Compartment. 
In the usual pharmacokinetic application of Eq. 2, attempts are made 
to estimate V and K along with the other model parameters, 8, by fitting 
the model to observed drug concentrations a t  n sampling times after 
dosing. Although Michaelis-Menten-type elimination models had been 
used previously, a detailed description and analysis of the simplest model 
incorporating Michaelis-Menten-type elimination-the one-compart- 
ment model with bolus intravenous input-were published in 1973 (3). 
For that model, f ( t ,  8) of Eq. 2 is zero; the model is expressed as: 


(Eq. 3) 


As Wagner (3) pointed out, for this model there is no solution that ex- 
presses C ( t )  as an explicit function of t ;  thus, the solution is an implicit 
function. For more complex models, i.e., a one-compartment model with 
first-order input, for which f ( t ,  0) in Eq. 2 is an exponential function, a 
solution in closed form does not exist. 


It is possible, however, to fit these models to observed data by nu- 
merically integrating Eq. 2 to obtain points [ t ,  C ( t ) ]  predicted by the 
model. Many recent pharmacokinetic studies obtained parameter esti- 
mates by combining a nonlinear regression algorithm with numerical 
integration. Numerical integration requires more computation than 
fitting data to the solutions of the differential equations and can be ex- 
pensive in terms of computer time. When combined with nonlinear re- 
gression algorithms that require many evaluations of the solution, the 
expense of fitting models in this way can be prohibitive. Furthermore, 
these methods may be unsatisfactory in terms of convergence and final 
fit. 


These problems motivated a search for an approximate solution to Eq. 
2 that might make estimation of the parameters with this model easier. 


During this search, mathematical properties of compartment models with 
Michaelis-Menten-type elimination were derived. The implications of 
these properties for computation and parameter estimation will be dis- 
cussed. Finally, the results of computer simulation reveal the statistical 
properties of the parameter estimates obtained by fitting the two simplest 
Michaelis-Menten-type models to data. 


RESULTS 


Mathematical Development-Tong and Metzler (4) derived the 
mathematical properties of solutions to Eq. 2. The mathematical details 
are given elsewhere (4), and only the two most important results for pa- 
rameter estimation will be discussed here. The conditions on the model 
of Eq. 2 are that f ( t ,  6 )  be nonnegative and bounded, with C(0) = 0; i.e., 
there must exist two positive constants, CO and s, such that: 


(Eq. 4) 


Given these mild restrictions, the function F ( t ,  A )  is a lower bound for 
C ( t )  with A = V / K  and an upper bound for C ( t )  with A = V / ( K  + B ) ,  
where B is the maximum of C ( t ) ,  and was defined as (4): 


0 2 f ( t ,  0) 2 CO exp(-st) for t 2 0 


F ( t ,  A )  = exp(-At) J‘ f ( r )  exp(AT) d r  


With the assumed restrictions, Eq. 2 includes many compartment 
models with Michaelis-Menten-type elimination from one compartment. 
Equation 5 shows that the time-concentration curves of these models 
are bounded by functions of the same form as the model equations for 
a one-compartment model with first-order input and first-order output 
(5). This is in agreement with the statement by Wagner (3) and others 
(5) that, for the simplest model, the solution to Eq. 2 approaches the linear 
solution as the concentration increases. The distance between the bounds 
given by Eq. 5 depends on V ,  K ,  and the maximum of C ( t ) .  As an exam- 
ple, the one-compartment model with first-order input (absorption rate 
= K A )  and Michaelis-Menten-type elimination will be considered. For 
this model, f ( t ,  8 )  is given by: 


f ( t ,  K A ,  D )  = KaD exp (-Kat) (Eq. 6 )  


where D is a dilution factor, roughly equal to the dose divided by a volume 
of distribution. By Eq. 5, the lower and upper bounds of the solution 
are: 


KAD [exp(-Qt) - e x p ( - ~ ~ t ) ]  
KA - Q 


where Q is the only solution of the equation: 


(Eq. 7) 


The bounds for the case in which D = 3, K A  = 8,  V = 0.418, and K = 
0.182 are shown in Fig. 1. For this case, the bounds are not restrictive. For 
the case in which D = 3, K A  = 8, V = 1, and K = 2, the bounds are shown 
in Fig. 2; for this case, the solution is bound rather closely by functions 
that are solutions to the linear compartment model. For larger V and K 
values, the bounds are so close together that the bounds and the solution 
appear as one line when plotted. 


The other result of Tong and Metzler (4) is illustrated in Fig. 3. If (KO, 
V O )  is a point in the ( K ,  V )  parameter space, then there is an infinite, 
open-ended wedge such that for any other ( K ,  V )  in this wedge, the so- 
lution to Eq. 2 with parameters V and K lies within the bounds of the 
solution to Eq. 2 with parameters V O  and KO. Also, there is a line through 
(KO, VO) within this wedge, such that any ( K ,  V )  on this line determines 
a solution to Eq. 2 that is nearly identical to the solution of Eq. 2 with the 
parameters (KO, VO). In other words, there is an infinite set of ( K ,  V )  
values that all generate the same time-concentration curve (to a finite 
accuracy). This observation will be illustrated further. 


The parameters of Eq. 1 often are estimated by applying one of several 
linearizing transformations to the equation (1,2). The parameters also 
may be estimated directly (and more correctly) from Eq. 1 by using a 
nonlinear estimation technique. In any case, the estimation of u,,, and 
k ,  will suffer from a high correlation of the estimates since the param- 
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Table I-Specifications of Models and Simulations 


Case Model (Input) Parameters Parameter Values Error Structure n N 


I Bolus intravenous Co, V , K  2.0,0.22,0.11 Additive I1 200 
2 Bolus intravenous Co, V , K  2.0,0.22, 0.11 Proportional 11 200 
3 Firstorder Kay V , K  1.5,2.0,5.0 Additive 11 200 
4 First order K A .  V .  K 1.5.2.0.5.0 ProDortional 11 200 
5 First order 
6 First order 
7 First order 


K i ;  V ;  K ,  D 1.5; 2.0; 5.0, 10.0 Additive 11 200 
KA, V ,  K ,  D 1.5,2.0,5.0,10.0 Proportional 11 200 
K A ,  V ,  K ,  Di, D2. D3 1.5,2.0,5.0,10.0, 20.0.40.0 ProDortional 33 100 


(three functions) 
8 First order KA, v, K ,  D 1.5, 2.0, 5.0, 10.0 Proportional 33 100 
9 Firstorder K A ,  V ,  K ,  D 1.5,2.0,5.0,40.0 Proportional 33 100 


eters appear in a ratio in the equation and a change in the estimate of urnax 
may be compensated for by a change in k,. This problem is accentuated 
when, as in Eq. 2, the ratio of parameters does not appear in the function 
itself but rather in the derivative of the function being fit. 


Previous work (4) showed that, for most ( K ,  V )  values, the solution to 
Eq. 2 is bounded by a function of two exponentials; in the previous ex- 
ample, these functions have one less parameter than the solution. (Ap- 
proximately, KE is replaced by V l K . )  Thus, if the data can be fit to Eq. 
5, trying to fit the data to Eq. 2 by nonlinear regression methods will result 
in a situation analogous to singularity in the case of linear regression. 


The result expressed in Fig. 3 implies that if ( V ,  K )  are estimated by 
least-squares techniques, the sum of squares surface will have a long 
valley with steep sides hut little change along the floor. This situation 
results in difficult estimation problems (6). If an estimation algorithm 
can find a minimum along this narrow valley, the estimates of V and K 
will be highly correlated since they can move together along the valley 
floor without much change in the sum of squared residuals. 


Thus, there are a t  least two sources of computational difficulties in 
fitting Eq. 2 to data: 


1. Since there is no closed form solution, numerical integration must 
be used to obtain predicted ca!ues of C(t) for a given model and t. 


2. Parameter estimation is hampered by a high correlation between 
estimates of V and K. 


To understand the implications of the second difficulty, Monte Carlo 
simulations were performed. 


Computer Simulation-The statistical properties of parameter es- 
timates of nonlinear models are known only asymptotically, and it gen- 
erally is not known how well these asymptotic properties approximate 
the results for small samples. Thus, Monte Carlo simulations were needed 
to determine the statistical characteristics of the estimates for a given 
model and experiment (7, 8). In view of the mathematical properties 
derived for Michaelis-Menten-type elimination models, a simulation 
study of the statistical properties for some simple models seemed nec- 
essary. 


One shortcoming of simulation studies is that only a small part of the 
problem can be simulated. For this report, some representative cases 
(Table I) were chosen with the hope that they would yield insight into 
the general problem. All models were one-compartment ones with either 
bolus input or first-order absorption and Michaelis-Menten-type elim- 
ination. Two types of error structure were considered ( a )  additive error 
in which each simulated “observation” was the model-predicted value 


t 
. SOLUTION 


LOWER BOUND..--- ----__r__ 1 


2 4 6 8 10 - 
TIME 


plus a normal random number from the distribution N(O,O.O9), and ( b )  
proportional error in which each observation was the model-predicted 
value plus the product of the model value and an N(O,O.O025) random 
variable. 


The proportional error structure is equivalent to a 5% error. This error 
structure violates one assumption of least-squares estimation, and either 
a transformation should be done or variable weights should be used. The 
usual least-squares estimation was carried out, however, in the belief that 
it reflects common practice where no error analysis is done and the error 
structure is not known. 


The model values were obtained by numerically integrating either Eq. 
3 or Eqs. 2 and 6 with the parameter values given in Table I. Each data 
set had n observations. The values o f t  were 0,0.5,1,1.5,2,3,4,5,6,7,  
and 10 for the intravenous bolus model and 0.25,0.5,1,1.5,2,3,4,6,9,  
12, and 18 for the first-order input models. Each model was simulated 
N times; that is, N sets of observations were generated; for each set of n 
observations, the parameters were estimated by the computer program 
NONLIN (9) ,  a nonlinear regression program. This program also esti- 
mated the standard deviation for each estimate and the correlation matrix 
of the estimates. 


Table I1 summarizes the simulation results of Case 5 (Table I). Similar 
tables were prepared for all cases in Table I; for space reasons, only this 
table is presented in full. However, the conclusions and discussion are 
based on all of the tables’. 


In Table 11, the first column identifies the parameters used to generate 
the N = 200 sets of observations, the standard deviations of the estimates, 
the largest eigenvalue (El) of the estimated correlation matrix, and the 
correlations of the estimates. The second column gives either the values 
of the parameters or, in parentheses, the sample values of the 200 esti- 
mates. Thus, column 2 of the row labeled s ( V )  contains the standard 
deviation of the 200 estimates of V; column 2 of the row labeled C13 
contains the correlation of the 200 pairs of estimates of the first and third 
parameters ( K A  and V ) .  The remaining columns of Table I1 give the 
sample statistics of the 200 estimates: minimum, maximum, 10th and 
90th percentiles, mean, and median. Thus, in the row labeled s ( V ) ,  the 
first column gives the standard deviation of the 200 estimates of V; the 
following columns give the sample value followed by the statistics of the 
200 estimates of s( V )  computed by the estimation algorithm from each 
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Figure 3-Relation of solutions in the V-K parameter space. 


Figure 2-Solution and bounds for Michaelis-Menten elimination 
model with D = 3, KA = 8, V = 1, and K = 2. Copies of the full set of tables may be obtained from the authors. 
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Table 11-Summary of Simulation of Case 5,  Table I 


Parameter or Sample Statistics 
Maximum Parameter Samde Value Minimum P i n  Mean Median P90 


K A  
V 


1.50 
2.00 
5.00 


10.00 
(0.205) 


(201.62) 
(803.12) 


(0.738) 


(-0.762) 
(-0.715) 
(-0.908) 


- 


(0.992) 
(0.826) 
(0.7671 


0.88 
0.84 
0.59 
8.30 
0.065 
0.098 
0.380 
0.170 
3.088 


-0.921 
-0.920 
-0.992 


0.940 
0.763 
0.556 


.. 


1.24 
1.18 
1.51 
9.33 
0.118 
0.296 
1.211 
0.334 
3.328 


-0.841 
-0.821 
-0.960 


0.971 
0.809 
0.679 


1.48 
52.69 


215.74 
10.18 
0.183 


3596.0 
14,596.0 


0.691 
3.506 


-0.776 
-0.718 
-0.914 


0.988 
0.841 
0.771 


1.48 
2.30 
6.17 


10.09 
0.177 
1.254 
5.427 
0.598 
3.518 


-0.776 
-0.727 
-0.920 


0.993 
0.840 
0.778 


1.74 
18.67 
89.67 
11.10 


113.87 
556.14 


0.252 


1.144 
3.677 


-0.712 
-0.610 
-0.866 


1.000 
0.877 
0.860 


2.33 
1561.0 
5875.0 


13.66 
0.329 
m 


m 


3.565 
3.860 


-0.599 
-0.480 
-0.765 


1.000 
0.944 
0.943 


data set. 
Table I1 displays a number of points important to understanding the 


deficiency of Michaelis-Menten-type models for pharmacokinetic 
analysis. The distributions of the V and I( estimates are skewed strongly 
to the right with some very large estimates. This skewness inflates the 
means so that they are -25-45 times larger than the parameter values 
used to generate the data. The medians also are shifted to the right, 
particularly the median of the K estimates. 


It may be thought that when extreme values are estimated for V or K, 
the plots of the fitted curves indicate that something is wrong. However, 
Fig. 4 shows that very extreme values (V = 1561 and K = 5165) generate 
curves that are not much different from those generated when V = 2 and 
K = 5. Certainly, they could not be distinguished if each were represented 
by 11 observations containing 5% or more noise. 


Table I1 also shows the high correlation between estimates of V and 
K; for these 200 estimates, the correlation (Spearman) is 0.992. The es- 
timate of the correlation computed by NONLIN for each data set indi- 
cates this finding; the mean estimated correlation is 0.988, the median 
is 0.993, and the minimum of the 200 is 0.940. The eigenvalues of the es- 
timated correlation matrix sum to the number of parameters estimated 
(in this case, four) and the size of the largest eigenvalue (El) indicate the 
dimensionality of the parameter estimation space. The average of the 
largest eigenvalue is -3.5, indicating that some of the remaining three 
eigenvalues are close to zero. Thus, the dimensionality of the parameter 
space is less than four, a condition of singularity. Figure 5 is a plot of the 
estimates of V and K. The top 10% was censored so that the other esti- 
mates can be shown in a reasonable scale. The estimates all lie close to 
a straight line. 


Because the distributions of the V and K estimates are extremely 
skewed, the standard deviations are quite large [s( V) = 201.6 and s ( K )  
= 803.11. However, the 90th percentile indicates that, of the standard 
deviation estimates made with each data set, 90% of the s ( V )  estimates 
are <114 and 90% of the s ( K )  estimates are <557. 


The main points made by Table I1 are: 
1. Estimates of V and K are highly skewed to the right, with many of 


the estimates being many times larger than the true parameter values. 
2. Estimates of V and K are very highly correlated 90 that the estimate 


of one almost determines the estimate of the other. 
3. Estimates of V and K have very high variances, although the esti- 


mated variances as computed by NONLIN from individual data sets 
underestimate the variability. 


Although not shown in Table 11, the correlations of estimates of V and 
K with their respective standard deviation estimates also are high. For 
these 200 data sets, the correlation between estimates of V and s ( V )  is 
0.977; the correlation between estimates of K and s ( K )  is 0.980. 


Thus, the estimated variances of the V and K estimates, as computed 
by a nonlinear regression program, do not give a true picture of the un- 
certainty in the estimates. 


As a related point, Table I1 shows that the linear parameters, K A  and 
D, are estimated well in that the distributions of their estimates are 
symmetric with small bias and small standard deviations. The correlation 
of their estimates, while smaller than that of the V and K estimates, is 
still large (-0.762 for this set of 200 estimates). 


The tables of the simulations of the other cases show similar results. 
Proportional error with a standard deviation of 5% gives much the same 
result as a constant error with a standard deviation of 0.05. For Cases 3 
and 4 (Table I), it was assumed that D = 10 was known; only three pa- 
rameters were estimated. This procedure improved the estimation, but 
the distributions still were skewed to the right for Case 3, with means of 
2.58 and 8.04 for V and K ,  respectively, and 90th percentiles of 3.80 and 
14.02. The correlation of the V and K estimates was 0.993. 


Estimation was best for the simple model (Cases 1 and 2 of Table I). 
However, even for these cases, the distributions were skewed to the right 
with some very extreme values, and the correlations were high (0.934 for 
Case 1 and 0.974 for Case 2). 


For all of these simulations, the initial estimates for the iterative 
nonlinear regression program were the true values of the parameters used 
to generate the data. A limited amount of simulation with other starting 
values indicated that, for a particular data set, the initial values affected 
the final estimates but, averaged over 200 simulations, initial estimates 
within 30% of the true values did not make much difference. Initial es- 
timates that differ by more than 30% often converge to values far removed 
from the true parameters. 


A Michaelis-Menten-type model may be well approximated by a linear 
model for a single drug exposure, but observations at  more than one dose 
level will expose the nonlinearity of the system. Thus, an attempt to 
evaluate the effect of simultaneous fitting of observations at  three dose 
levels was made (Case 7, Table I). For Case 7, it was assumed that V and 


Figure I-Curves of the Michaelis-Menten elimination model for the 
(V, K )  oalues (1562,5165) and f2,5). 
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Table 111-Summary of Parameter Estimates for Simultaneous Fitting, Case 7 


Parameter or Sample Statistics 
Parameter Sample Value Minimum PlO Mean Median P90 Maximum 


V 2.00 1.68 1.81 2.00 2.00 2.18 2.39 
K 5.00 3.47 4.01 4.99 4.96 5.90 6.62 


S ( V )  (0.138) 0.076 0.098 0.135 0.130 0.183 0.217 
s ( K )  (0.712) 0.627 0.822 1.141 1.120 1.540 1.966 


K remained the same when D = 10,20, and 40. Data were simulated for 
three experiments (D = 10,20, and 40); these three observed curves, with 
a total of n = 33 observations, were fit simultaneously to one set of K A ,  
V, and K values and three D values. This procedure gave much better 
parameter estimation. The distributions of the V and K estimates were 
symmetric about the true values with no extreme estimates. The results 
for V and K are shown in Table 111. The correlation of the V and K esti- 
mates was reduced to 0.767. 


When comparing Table 111 with Table 11, it must be noted that the data 
sets of Table I11 had 33 observations while those of Table I1 had only 11. 
The improvement in estimation of V and K was not due only to the larger 
sample sizes. To confirm this fact, Cases 8 and 9 (Table I) also had 33 
observations per data set but, in these cases, the observations consisted 
of three replications at  each saapling time used in Cases 3-6. Although 
the variability was reduced markedly and there were no extreme esti- 
mates, the distributions were still skewed to the right and the correlations 
were still very high (0.991 for Case 8 and 0.983 for Case 9). 


DISCUSSION 


The mathematical development and computer simulation indicate that 
it is not possible to estimate V and K of a Michaelis-Menten-type 
pharmacokinetic model with any precision from a single-dose experiment. 
Furthermore, the asymptotic theory standard deviations, as computed 
by a nonlinear regression program, are misleading in that they underes- 
timate the uncertainty in the estimates. [Although the NONLIN program 
(9) was used in this study, this result would be true for any computer 
program that estimates the variance-covariance matrix of the estimates 
from the matrix of partial derivatives.] This observation may explain why 
in many studies the estimate of between-subject variability is so much 
larger than the estimate of within-subject variability of the estimates (10). 
It may be an artifact of estimation rather than a characteristic of the drug. 
These difficulties in estimating Michaelis-Menten parameters also make 
the comparison of algorithms for estimation less meaningful, as in Ref. 
11. 


In many situations, estimating V and K for the purpose of comparing 
values between studies (i.e., in different disease states) is useless if the 
estimates are made from observations after only one dose of drug. 
However, the simulations indicate that if estimations can be made with 
observations obtained after two or more dose levels, then the estimations 
are much improved. To do this, it must be assumed that the biological 
system, like the computer system, can generate data with the same values 
of K A ,  V, and K at  different doses and different times. It is not certain 
that this assumption is valid. 


Although the Michaelis-Menten-type models are not useful for esti- 


mation of V and K with observations from only one dose, they may have 
other value. They may be useful to show that a system is better described 
by a nonlinear pharmacokinetic model than by a linear model, for de- 
scribing data, and for prediction. 


The size of these simulations ( N  = 200 for most of them), while much 
larger than most computer simulations reported in the pharmaceutical 
sciences literature, is about minimum for validity. These simulations 
cover only a few points in the entire space of these models. Future re- 
search extending these simulations would be useful in evaluating these 
models. In particular, the errors assigned in these simulations were rel- 
atively small for pharmacokinetic data. Larger (and more realistic) errors 
could only make estimation more difficult. Development of other non- 
linear models that avoid these computational problems also would be 
use f u 1. 
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Abstract Mathematical relationships describing the delivery of drug 
to a target organ after intra-arterial, intravenous, and oral administration 
are presented. This discussion clearly demonstrates that administration 
into a blood vessel leading to the target organ often is superior to intra- 
venous administration. However, this superiority is not clear from tra- 
ditional plasma concentration monitoring data. 


Keyphrases 0 Drug delivery-to a target organ, influence of adminis- 
tration route, mathematical relationships Administration routes- 
influence on drug delivery to a target organ, mathematical relationships 
0 Mathematical models-influence of administration route on drug 
delivery to a target organ 


When the rate and extent of drug absorption is of con- 
cern, the first choice for drug delivery is usually the in- 
travenous route. Intravenous administration delivers drug 
directly into the bloodstream and virtually assures almost 
immediate delivery to the target organ(s). Because there 
is no drug loss a t  the administration site, a drug delivered 
intravenously is considered to be completely available to  
the body. However, if a drug were to precipitate during an 
intravenous injection due to poor solubility in plasma, 
distribution of the drug would be delayed. The precipi- 
tated drug would eventually redissolve and be distributed 
to the remainder of the body. Thus, the site of precipitation 
can be viewed as a site of retention rather than a site of 
loss. 


Although no drug is lost at the administration site, there 
exists the possibility for drug loss in the body prior to its 
reaching the site of measurement or the target organ. For 
example, if a drug is administered intravenously, the drug 
must first traverse the lungs before it can be further dis- 
tributed in the body. Thus, any drug eliminated in the 
lungs reduces the amount of drug available to the other 
organs (1). Furthermore, only a fraction of the drug not 
metabolized by the lungs leaves the left ventricle for the 
target organ. The remaining drug leaving the left ventricle 
circulates to other tissues and organs where elimination 
can occur before recirculation to the target organ is pos- 
sible. 


One way to circumvent the potential for drug loss is to 
administer the drug intra-arterially, i .e . ,  directly into an 
artery leading to the target organ (2,3). Although intra- 
arterial injections are more difficult than venipuncture to 
perform, as well as being more uncomfortable for the pa- 
tient, it is sometimes the preferred route (3-7). Intra-ar- 
terial drug administration ensures that the entire dose 
administered will reach the target organ. 


Because little information exists in this area, no clearcut 
parameters have been established to determine the supe- 
riority of one administration route over another. Utiliza- 
tion of pharmacokinetic principles may prove to be 
useful. 


The following report discusses mathematical relation- 
ships describing: ( a )  the amount of drug delivered to the 


target organ by both intra-arterial and intravenous ad- 
ministration routes, and ( b )  the amount of drug reaching 
the liver after an oral dose if the liver is the target organ. 
This latter situation parallels that of an intra-arterial in- 
jection into an artery leading to a target organ except that 
the drug must traverse the GI tract where loss can occur 
prior to its reaching the liver. 


KINETIC MODEL 


A flow model for drug disposition, described in Scheme I, is used in this 
discussion. Compartment 1 is the lungs, receiving blood from the right 
ventricle; compartments 2 through n represent the remainder of the body, 
compartmentalized and receiving blood from the left ventricle. Com- 
partments 2 through m are all capable of eliminating the drug and com- 
prise the liver (Compartment 3) ,  the mesenteric vascular bed (Com- 
partment 21, the kidneys, etc.; compartment m + 1 to n represents the 
organs and tissues incapable of eliminating the drug and are, therefore, 
considered to be storage compartments. 


The blood clearance of any compartment (Cg)  reflects the elimination 
rate with respect to the whole blood concentration entering the com- 
partment (Ci,,) and not the concentration in the compartment itself 
(which would represent the intrinsic clearance of the compartments). 
From steady-state values, this is expressed as: 


Cli = (""d%").. - 
where dAildt is the rate of elimination in compartment i ,  and ss denotes 
steady-state conditions. More important, however, is the fact that 
clearance can be determined from the total amount eliminated from time 
zero to time infinity by the organ [J;(dAJdt) d t ]  and the total area under 
the blood Concentration uersus timscurve from time zero to time infinity 
(JTCi d t )  entering the organ; i e . :  


J,Icin d t  


Therefore, the arterial concentration (or left ventricle concentration) is 
used as a reference blood concentration for most organs. This procedure 
is identical to using the venous blood concentration from a storage 
compartment as the reference concentration. However, pulmonary 
clearance is defined with respect to the right ventricle concentration, 
although i t  is relatively easy to convert pulmonary clearance from its 
present definition (Cl'J to one with respect to left ventricle concentration 
(Cl1) by using the following relationship: 


c11= c q ( 1 -  2) (Eq. 3) 


where QI is the pulmonary blood flow that is equal to the total cardiac 
output (Qc). If the pulmonary clearance is low, the two clearances are 
essentially the same. Only if the pulmonary clearance is large is i t  nec- 
essary to make the conversion. 


Intra-Arterial Injection into Artery Leading to Target Organ-If 
the target organ is m, the amount delivered to this organ ( A E , ~ )  from time 
zero to time infinity is equal to: 


A E . ~  = D + L m C ~ Q r n  dt  (Eq. 4) 


where D is the dose administered, CL is the left ventricle blood concen- 
tration, and Qm is the blood flow to the target organ. Blood flow is as- 
sumed to be time and concentration independent. The term J ~ C L  dt can 
be obtained by the following development: 
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in Eq. 6, the total amount entering the right ventricle (AEJ) can readily 
be obtained: 


Cunprimnl n 


Right Left 


2" - 


I 1 I 


Compartment m tp -i 


The fractiion (FL, , )  of the drug delivered to an eliminating organ that 
leaves the same compartment is: 


L - (dA, ld t )  dt  
ALost,i- - FL,, = 1 - fraction lost = 1 - -- 


AE,& L m Q t C , n d t  


(Eq. 5) 


From Eqs. 2 and 5: 
Cli 


F L , ~  = 1 - - 
Qi 


(Eq. 6) 


The amount leaving the left ventricle (ALL) from time 0 to time infinity 
is equal to: 


where Qc is the cardiac output. 
The total amount entering the left ventricle (AE,L) is expressed by: 


where CR is the blood concentration in the right ventricle. The amount 
leaving the right ventricle (AL,R) can be expressed by: 


By using the fraction lost in each eliminating compartment as expressed 


The first part of the right-hand side of Eq. 10 takes into account that part 
of the hepatic blood flow which must pass through the GI tract uia the 
mesenteric system before reaching the liver uia the portal vein. 


With the assumption that no elimination occurs in the ventricles, the 
amount leaving each ventricle from time zero to time infinity is equal to 
the amount entering. By combining Eqs 7-10 and defining Q2 + Q3 as 
the hepatic blood flow ( Q H ) ,  the following is obtained: 


By combining Eqs. 4 and 11, the total amount.entering the target organ 
after an intra-arterial injection into an artery leading to this organ is: 


Furthermore, by combining Eqs. 3 and 12 to express all clearances with 
respect to the left ventricle concentration, the following is obtained 


As can be seen from Eq. 13, the total amount reaching the target organ 
after an intra-arterial injection depends not only on the dose but also on 
the blood flow to this organ, its clearance, portal blood flow, and cardiac 
output, as well as the various clearances in the different parts of the body 
(see Discussion). 


Intra-Arterial  Injection into Artery Not Leading to Target 
Organ-In this case, the amount administered is assumed to be injected 
into Compartment m - 1 instead of the target organ, Compartment m. 
Thus, the amount delivered to Compartment m is: 


A E , ~  = J- C1Qm dt  (Eq. 14) 


Similarly to Eq. 13, A E , ~  can be expressed as: 


Q m ( 1 - 2 )  
AE,m = D (Eq. 15) 


ClzCl3 (sl Cli) - QH 
Intravenous Bolus Dose Administration-This situation is equiv- 


alent to delivering the drug directly into the right ventricle. In this case, 
by using similar development as in the two previous sections, the amount 
delivered to the target organ can be shown to be equal to: 


(Eq. 16) 


Oral  Dose When Target Organ Is Liver-The amount of an oral 
dose delivered to the liver ( A E , ~ )  is equal to the amount leaving the GI 
tract [D(l - C)] and escaping elimination in the GI wall. It is assumed 
that this amount is equal to the fraction that usually escapes elimination 
in the mesenteric system, 1 - (Cl2/Q2), plus the amount delivered uia the 
vascular system through recirculation: 


Using a similar development as for Eq. 10 and defining ( 1  - C)  [ l  - 
( C l z / Q d ]  as (1 - E ) ,  one obtains: 
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Intravenous Dose When Target Organ is Liver-The amount of 
drug delivered to the liver in this situation is equal to: 


By using a similar development as before, it can be demonstrated 
that: 


DISCUSSION 


Intra-Arterial  Injection Leading to  Target Organ versus Intra- 
venous Injection-The ratio of the amount of drug entering the target 
organ from the intra-arterial to the intravenous injection ( Y T )  can be 
obtained from Eqs. 13 and 16: 


(Eq. 21) 


Because QH always is larger than Clz or Cl3, this relationship is always 
greater than one as long as ZE;lCl, is not zero. Therefore, Eq. 21 dem- 
onstrates that an intra-arterial injection of a drug into an artery leading 
to the target organ always delivers more drug to the target organ than an 
intravenous bolus dose. The single exception is when only the target organ 
eliminates the drug since then the two modes of administration are 
identical. 


The advantage of intra-arterial administration increases under the 
following circumstances: 


1. Lung clearance is high. In this case, the intravenously administered 
drug has to pass through the lungs and be partially metabolized before 
it can reach the target organ. 


Elimination by other organs is high in comparison to target organ 
blood flow. In this case, a large amount of drug leaving the left ventricle 
per heart beat circulates to various organs where possibilities for elimi- 
nation exist. Therefore, only a fraction of the drug is returned to the 
general circulation for recirculation to the target organ. This conclusion, 
however, is not readily determined from regular concentration monitoring 
data or from evaluation of bioavailability. 


Bioavailability is practically determined as the amount delivered to 
the site of measurement from a test dose to that of a control dose. By 
considering the intra-arterial dose as the test dose, the intravenous dose 
as the control, and, for simplistic reasons, the sampling site as the venous 
side of storage compartment n ,  the bioavailability ( F )  can be expressed 
as: 


2. 


( sog C ~ Q ,  d t )  intra-arterially 


(J ClQ, d t )  intravenously 
FT = (Eq. 22) 


Derivation yields: 


(Eq. 23) 


This result indicates that an intravenous dose always delivers more drug 
to the sampling site than an intra-arterial injection. Therefore, use of this 
site to evaluate various drug administration routes may be inadequate 
and misleading. 


A similar conclusion can be drawn from the theoretical evaluation of 
intra-arterial uersus intravenous administration of chemotherapeutics 
by Chen and Gross (8). They evaluated a slightly different kinetic flow 
model, and their clearances were defined in terms of the intrinsic clear- 
ance values of the various organs a t  steady state. Again, however, an 
advantage of intra-arterial injections with respect to delivery to the target 
organ was observed ( Y T ) ,  in conjunction with a decreased systemic 
availability ( F T ) .  


Intra-Arterial  Injection Not Leading to  Ta rge t  Organ  versus 


C1m F T = ~ - -  
Qm 


Intravenous Injection-In this case, the ratio of the amount delivered 
to the target organ from the various administration routes ( Y N )  can be 
obtained from Eqs 14 and 15: 


Clm-1 Y N = l - -  
Qm-1 


and bioavailability is expressed by: 


a n - 1  
F N = l - -  


Qm- I 


(Eq. 24) 


(Es. 25) 


In this situation, it is clear that an intravenous dose delivers more drug 
to the target organ than an intra-arterial dose. The intra-arterial dose 
has to pass to a nontarget organ (rn - 1) where it can be partially elimi- 
nated before it reaches the venous circulation. However, the intravenous 
dose reaches the venous circulation directly; i . e . ,  if the decision is made 
to administer a drug intra-arterially, it is imperative to identify the target 
organ to ensure that the drug is administered into an artery leading to 
that target organ. 


The use of venous drug concentration monitoring or traditional bio- 
availability determination accurately reflects the relative amounts 
reaching the target organ by these two administration routes only when 
intra-arterial administration is into an artery not leading to the target 
organ. 


Ora l  Dosing versus Intravenous Injection When Target  Organ 
Is Liver-From Eq. 18, it can be seen that the ratio of drug delivered to 
the liver by these two routes (YO)  is equal to: 


Thus, it is possible to  predict when oral administration is advantageous 
over intravenous injection if the target organ is the liver. However, ex- 
tensive knowledge of the various clearances for a drug is required. In 
principle, the larger the fraction of the dose that reaches the liver in its 
first pass [(l - E) - I] and the larger the extrahepatic clearance is in 
comparison with hepatic blood flow, the greater is the likelihood for an 
oral dose to be superior to an intravenous injection. 


Bioavailability (Fo)  is equal to: 


(Eq. 27) 


This relationship always predicts that the intravenous route is superior 
to the oral route provided E and Clj are not zero. 


Using traditional bioavailability determinations to decide on an op- 
timal drug delivery route may sometimes be misleading. Based on this 
discussion, it appears that when blood (or plasma) concentration in a 
peripheral vein is used for determining the best administration route, 
the choice will invariably be the intravenous route. However, alternative 
routes are sometimes able to delivery more drug to the target organ than 
an intravenous dose. Therefore, care should be taken in drug plasma 
monitoring or the use of steady-state plasma concentrations or bio- 
availability data when different administration routes are considered 
for optimization of drug therapy. 


On the other hand, if two dosage formulations given U ~ Q  the same route 
are compared, such reservation is not necessary. In this case, the drug 
traverses the same path before it reaches the measurement site or the 
target organ. Therefore, the ratio of the amount delivered to the mea- 
surement site accurately reflects the ratio reaching the target organ. 


This discussion should not be considered as being limited to the two 
special examples provided. The same conclusions can be reached in other 
situations, such as intramuscular injection when the muscle is the target 
organ, inhalation when the lung is the target organ, and intrathecal in- 
jection when the spinal nerves are the target. 
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Abstract D Methods for the determination of flurbiprofen and ibuprofen 
in dog serum were developed using high-performance liquid chroma- 
tography arid automated serum extraction. Sample extraction was au- 
tomated by use of cartridges packed with a styrene-divinylbenzene 
macroreticu lar resin in a microprocessor-controlled centrifugal system. 
The average recoveries were 98.9% for flurbiprofen and 94.5% for ibu- 
profen. The limits of detection were -0.04 pg/ml for flurbiprofen at  254 
nm and 0.5 pg/ml for ibuprofen at  230 nm. The relative standard devia- 
tions for the determination of a laboratory standard between days was 
2.4% (20 pg/ml) for flurbiprofen and 1.7% (13 pg/ml) for ibuprofen. Peak 
height ratios were linear with concentrations of 0.04-100 pg/ml for flur- 
biprofen and 1.0-50 pg/ml for ibuprofen. These methods are simple, 
rapid, sensitive, and specific. The use of an automated sample preparation 
procedure improved the between-day precision by a factor of two when 
compared to a manual extraction procedure. These methods were applied 
to bioavaila bility studies in dogs. 


Keyphrases Flurbiprofen-determination in dog serum with auto- 
mated sample preparation Ibuprofen-determination in dog serum 
with automated sample preparation 0 Bioavailability-determination 
of flurbiprofen and ibuprofen in dog serum with automated sample 
preparation 


Flurbiprofen [cll-2-(2-fluoro-4-biphenylyl)propionic 
acid] and ibuprofen [dZ-2-(p-isobutylphenyl)propionic 
acid] are nonsteroidal anti-inflammatory drugs. Several 
gas chroniatographic (GC) procedures were previously 
developed for flurbiprofen (1) and ibuprofen (2-4). 
Methods using high-performance liquid chromatography 
(HPLC) were previously developed for ibuprofen (5,6) and 
similar compounds: indoprofen (7), ketoprofen (8) ,  and 
naproxen (8). To reduce the amount of labor and time in- 
volved in ]performing assays for flurbiprofen or ibuprofen 
in serum, an HPLC procedure using an automated sample 
processor ' was developed. The previously developed GC 
procedures use manual liquid-liquid sample preparations 
and derivatization prior to analysis. Sample extraction 
with the automated sample processor uses a liquid-solid 
extraction with a cartridge packed with a styrene-divin- 
ylbenzene macroreticular resin in a microprocessor-con- 
trolled centrifugal system, resulting in reduced analysis 
effort and improved assay precision. 


~ ~ ~~~ ~~ 


Prep I, Dupont Co, Wilmington, Del. 


EXPERIMENTAL 


Reagents and Materials-Reagents were of a t  least analytical reagent 
grade quality, and acetonitrile2 was distilled-in-glass grade. Stock solu- 
tions of flurbiprofen3 and ibuprofen3 were prepared in pH 7.2 phosphate 
buffer (0.05 M). 


Instrumentation-A variable-wavelength detectofl, a solvent pump5, 
and an autoinjector6 were used for the chromatographic analysis. Prep- 
aration of samples was performed with an automated sample pro- 
cessor. 


Chromatographic Conditions-Chromatography took place on a 
0.46-cm i.d. X 25-cm long column packed with octadecylsilane bonded 
to microparticulate silica7 (10 pm). The precolumn, 4.2 cm X 0.3-cm i.d., 
was packed with octadecylsilane bonded to microparticulate silicas (30 
pm). The mobile phase was acetonitrile-0.05 M acetic acid (40:60). 


The flow rate was 2.0 ml/min, the column temperature was ambient, 
and the column back-pressure was -1500 psi. The approximate retention 
times of flurbiprofen and ibuprofen were 14 and 19 min, respectively. 
Preliminary work was performed with the acetonitrile-water ratio a t  
50:50 and the flow rate a t  1.2 ml/min. The mobile phase was filtered and 
deaerated by vacuum sonication prior to use. 


Automated Extraction-The automated sample processor is de- 
signed to perform automatic extractions simultaneously of up to 12 liquid 
samples in 30 min or less. Centrifugal force is used to move solvents 
through an extraction resin bed. The system is composed of an inner 
rotor, which holds extraction columns, and a larger outer rotor, which 
holds the corresponding effluent and recovery cups. The extraction col- 
umn is comprised of a sample reservoir and a resin bed. The rotor first 
spins clockwise to force the sample through the resin bed. A predeter- 
mined amount of wash solvent is forced through the resin bed and into 
an effluent cup, In this manner, unwanted components are removed from 
the column. The rotor direction is then reversed so that the extraction 
column is positioned over the recovery cup. 


An aliquot of a second solvent elutes the component of interest and 
is collected in the recovery cup. If desired, the extract is then heated and 
blown to dryness. The dried extract is manually reconstituted and 
transferred to another instrument. Fifteen programs are currently 
available which vary timing, compartment temperature, and the option 
of sample evaporation. 


Assay Procedure-Blank serum spiked with 100 pl of flurbiprofen 
or ibuprofen solutions in 0.05 M phosphate buffer (pH 7.2) was used to 
prepare standards to obtain a calibration curve for each chromatographic 
run. One milliliter of blank or sample serum was pipetted into the car- 
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Powder Flow Studies 111: Tensile Strength, 
Consolidation Ratio, Flow Rate, and 
Capsule - Filling - W eight Variation Relations hips 
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Abstract The tensile strength of consolidated powder beds was studied 
by applying a series of loads to the surface of the powder beds in a tensile 
tester. The results were plotted as tensile strength uersus consolidation 
pressure. The linearity of these plots suggests a direct relationship be- 
tween tensile strength and consolidation pressure. The following plots 
gave linear relationships: (a) tensile strength uersus consolidation ratio, 
( b )  tensile strength versus coefficient of variation of the filled weight of 
the capsules, and ( c )  logarithm of the tensile strength uersus logarithm 
of the flow rate. These results suggest a direct relationship between tensile 
strength and consolidation ratio and their usefulness in studying powder 
flow. The physical significance of the empirical equation used in con- 
solidation studies was explored. A comparison of the empirical equation 
with a theoretically derived equation, under certain assumptions, suggests 
that the consolidation ratio is a function of the ratio of the initial volume 
to the net volume and a function of the coefficient of Rankine. The 
coefficient of Rankine is a function of the angle of internal friction in the 
static powder bed. 


Keyphrases 0 Tensile strength-powder flow behavior, relationship 
to consolidation ratio 0 Powder flow-tensile strength, consolidation 
ratio relationships 0 Consolidation ratio-powder flow behavior, rela- 
tionship to tensile strength 


The knowledge of powder behavior is important in un- 
derstanding the powder properties during storage, trans- 
portation, mixing, granulating, capsule filling, and tab- 
leting. Tensile strength, defined as the force per unit area 
of a broken face required to split a powder compact, pro- 
vides useful information on powder behavior. The effects 
of powder density, particle-size distribution, and inter- 
particle forces were considered in developing a theory of 
the tensile strength of powders (1). 


Theoretical developments in studying powder flow must 
make far-reaching simplifying assumptions because of the 
numerous parameters involved, such as size, shape, and 
surface texture. These developments, although interesting, 
are of limited practical utility. 


BACKGROUND 


Recent studies (2, 3) reported the consolidation of loosely packed 
powders and powder mixtures in cylindrical containers by applying a 
series of loads. The results of simple measurements in which the decrease 
of powder volume was measured as a function of the compressive load 
were plotted as the logarithm of the change in volume uersus the loga- 
rithm of the applied pressure. The slopes of these plots were similar, and 
the intercept (consolidation ratio) gave a linear relationship with the 
logarithm of the flow rate and the coefficient of variation of the filled 
weight of capsules produced on an automatic capsule-filling machine. 


Simple consolidation measurements and the use of an empirical 
equation suggested a good relationship to flow properties of the powders 
and powder mixtures. A literature survey indicated a paucity of any re- 
lationship between powder flow behavior and tensile strength. 


This paper reports linear relationships between (a) tensile strength 
and consolidation ratio, (b)  tensile strength and coefficient of variation 
of the filled weight of capsules, and (c) logarithm of the tensile strength 
and logarithm of the flow rate. These results suggest a direct relationship 
between tensile strength and consolidation ratio and their usefulness in 
studying powder flow. A comparison of the empirical equation with a 
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theoretically derived equation, under certain assumptions, suggests that 
the consolidation ratio is a function of the ratio of the initial volume to 
the net volume and a function of the coefficient of Rankine. The coeffi- 
cient of Rankine is a function of the angle of internal friction in the static 
powder bed. 


EXPERIMENTAL 


Materials-The drug', tromethamine salt of (f)-2-benzoyl-l-aza- 
bicyclo[3.3.0]octa-2,4-diene-6-carboxylic acid, was at least 99% pure. The 
excipients were spray-dried lactose USP2, starch USP3, and magnesium 
stearate USP4. 


Mixing-The powders of each formulation were mixed by the geo- 
metric dilution method on a piece of glassine paper. The powder mixture 
was screened through a 40-mesh screen to ensure proper mixing and to 
avoid powder agglomeration due to compaction. Three types of formu- 
lations were used. Drug and spray-dried lactose were mixed in the indi- 
cated proportions in the first formulation. The second formulation 
contained 0.5% magnesium stearate in addition to the drug and spray- 
dried lactose. The final formulation contained 10% starch, 0.5% magne- 
sium stearate, spray-dried lactose, and drug in the indicated proportions. 
Powder mixing and all tensile strength measurements were carried out 
at 24 i 1' and 40 i 5% relative humidity. 


Tensile Strength-The tensile strength of powder mixtures was de- 
termined by conducting a tensile test with an instrument5 consisting of 
a main unit, an operational amplifier, and an x-y recorder. The main unit 
included four major components (a) a constant-speed motor for exerting 
a pulling force through a steel string to break the powder bed, ( b )  a cy- 
lindrical powder cell with one half fixed to the main unit and the other 
half movable by suspension onto a metal frame, ( c )  a strain gauge of ZOO-g 
force for the quantitative measurement of tensile stress required to break 
the powder bed, and ( d )  a linear, variable differential transformer for the 
measurement of powder bed displacement. 


The operational amplifier contained a strain amplifier, a displacement 
meter, and an operational unit. The latter was designed to indicate only 
the actual load by subtracting the necessary blank load that varied with 
displacement. 


Blank tests were run to ensure that there was no extra load between 
the two half-cells before the powder was loaded. An accurately weighed 
amount of the powder was charged evenly through the cell extension tube, 
and the compaction weight was inserted gently into this tube. After 20 
sec, additional weights, from 100 g to 2 kg, were loaded, with 20 sec be- 
tween each loading. The weights and the cell extension tube were un- 
loaded after 5 min. A steady-state condition in the powder bed thus was 
reached. The pulling string connecting the powder cell through a strain 
gauge was tightened under suitable tension before the clamp of the two 
half-cells was released. Then the constant-speed motor switch was turned 
on to pull the movable half-cell. 


During the breaking process, the x-y recorder automatically recorded 
the tensile force profile over the total displacement of the two half powder 
beds. The peak value on the vertical axis of the tensile force-displacement 
curve gave the maximum tensile force of the powder. The area of breakage 
was normally 5 cm2, provided the compaction weight descended to the 
proper position. Otherwise, the area was corrected for the powder bed 
thickness difference. The tensile strength of the powder bed was obtained 
by dividing the maximum tensile force with the area of powder bed 
breakage. Three determinations were made, and the mean and the 
standard deviation were calculated. Only results obtained from the tensile 
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Table I-Tensile Strength of Powder Mixtures Containing D r u g  a n d  Excipients at Various Consolidation Pressures  


Tensile 
Percent Pressure, Strength, Correlation 


Drug g/cm2 g/cm2 Slope Intercept Coefficient, r 


89.5 20.99 1.95 f 0.026 0.03078 1.507 0.9897 
41.36 2.92 f 0.11 
66.84 3.74 f 0.07 


117.78 5.02 f 0.32 


41.36 1.81 f 0.17 
66.84 2.20 f 0.08 


117.78 2.85 f 0.06 


41.36 0.64 f 0.06 
66.84 0.74 f 0.06 


117.78 1.16 f 0.07 


41.36 0.30 f 0.08 
66.84 0.47 f 0.05 


117.78 0.59 f 0.08 


40 20.99 1.14 f 0.098 0.0167 0.9686 0.9752 


20 20.99 0.58 f 0.01 0.006122 0.4020 0.9776 


10 20.99 0.15 f 0.04 0.00443 0.1039 0.9609 


fracture where the powder bed broke into two halves along the joint of 
the two half-cells were recorded. 


RESULTS AND DISCUSSION 


The tensile strength results of powder mixtures containing 10,20,40, 
and 89.5% drug a t  various consolidation pressures are given in Table I 
and Fig. 1. The excipients in these powder mixtures were 10% starch, 0.5% 
magnesium stearate, and spray-dried lactose to make 100%. The results 
indicate that the tensile strength is related linearly to the consolidation 
pressure in the pressure range studied. The dimensionless slope of these 
lines may be regarded as material constant, which is a measure of the 
increase in cohesive forces between adjacent particles due to consolida- 
tion. The intercept indicates the cohesive forces in an unconsolidated 
powder bulk. For free-flowing powders, the intercept is zero. 


/ 


. m 


1.5 


I I I I I I 1 


0 20 40 60 80 100 120 


PRESSURE, g/cm2 
Figure 1-Tensile strength of powder mixtures  versus consolidation 
pressure plots showing linear relationships. Key:  0 ,10% drug; ~ 2 0 %  
drug; A, 405% drug; and V, 89.5% drug. 


The profiles of the tensile strength uersus percent drug a t  a constant 
consolidation pressure (66.84 g/cm2) are given in Fig. 2. The tensile 
strength of the mixtures containing 10 and 20% drug, lactose, and mag- 
nesium stearate was lower than that of mixtures containing drug, lactose, 
starch, and magnesium stearate and of mixtures containing drug and 
lactose. At higher drug concentrations, the tensile strength of the mix- 
tures containing starch and magnesium stearate was higher than that of 
the mixtures containing only drug and lactose. 


The consolidation ratio and the coefficient of variation of the filled 
weight of capsules reported previously (2) were plotted uersus tensile 
strength (Fig. 3). The results indicate linear relationships between tensile 
strength and consolidation ratio and between tensile strength and coef- 
ficient of variation of the filled weightof the capsules. The logarithm of 
the flow rate reported earlier (3) and the logarithm of the tensile strength 
are plotted in Fig. 4. These results suggest that  the tensile strength and 
consolidation ratio provide useful information of powder flow be- 
havior. 


The powder consolidation ratio was obtained (2) from the intercepts 
of the relative volume uersus consolidation pressure plots according 
to: 


I 


P 
V Po 


I n k v  = m In - + I (Eq. 1) 


4 
I 
I 
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I 1  I I I I 
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Figure %-Profiles of t h e  tensile s trength as a funct ion of t h e  formu- 
lation composition. Key: 0, drug and lactose mixture; A, drug, lactose, 
and 0.5% magnesium stearate mixture;  and  0 ,  drug, lactose, 10% 
starch, and  0.5% magnesium stearate mixture.  
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Figure 3-Plots of the tensile strength versus consolidation ratio and 
coefficient of variation of the filled weight of the capsules. Key: 0, r = 
0.9964; and A, r = 0.9583. 


where VO is the initial powder volume; V is the powder volume at  a given 
surface pressure, P; PO is the surface pressure P (1 atmospheric pressure 
approximately equals 1 kg/cm2); and m and I are constants. 


By assuming I = In C, dividing both sides by VO, and rearranging, Eq. 
1 can be written as: 


(Eq. 2) 


Multiplying both sides by V,, adding 1 to both sides, and rearranging 
give: 


(Eq. 3) 


where V, is the net volume of the powder. 


to be homogeneous, Eq. 3 can be written: 
Since porosity n equals ( V  - V,)/V and the powder bed is assumed 
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Figure 4-Logarithm tensile strength versus logarithm flow rate 
showing a linear relationship (r = 0.9523). 
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Figure 5-Plots of consolidation on ratio versus k showing a linear re- 
lationship (r = -0.9980). 


Theories dealing with the pressure and volume change relationship 
have been reported in the field of powder technology. Kawakita and 
Ludde (4) obtained a theoretical compression equation using Mohr's 
circle of stress: 
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(Eq. 5) 


Figure 6-Plots of Vo/V, versus C showing a linear relationship (r = 
0.9764). 
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Table 11-Values of @, K ,  k, and Z 


Drug in 
Mixture, % # K k I 


40 48.6 0.1428 0.3307 -3.45 
20 46.5 0.1592 0.3442 -3.77 
10 44.5 0.1758 0.3566 -4.09 
0 38.4 0.2337 0.3918 -4.78 


where 61 is the maximum principal stress, # is the angle of internal fric- 
tion, and K is the coefficient of Rankine (5) as given by: 


1 - sin # 
1 + sin # K = -  (Eq. 6) 


Thus, A$ represents the probability of a packing change of the particles 
and is considered to be proportional to some quantities related to the state 
of packing in one of the several described manners. I t  was shown that 
various compression equations could be derived by making different 
assumptions about the properties that  determine A#. 


If A# is proportional to the decrease in porosity and inversely pro- 
portional to the mth  power of consolidation pressure, -dn/Pm, then: 


(Eq. 7) 


where Pis the consolidation pressure, m is a constant, and k is a function 
of the coefficient of Rankine. 


Equation 7, on rearrangement, gives: 


-dn = kP"-' dP (Eq. 8 )  


Integration of Eq. 8 from initial porosity no to porosity n ,  corresponding 
to the zero initial consolidation pressure to the consolidation pressure 
P ,  gives: 


k 
m n -no= --pm (Eq. 9) 


Equation 9 is similar to Eq. 4, which is the modified form of Eq. 1. 
Equations 4 and 9 suggest that  C is a function of (V /V , ) ( k /m) .  


A previous study (2) showed that, for different powder mixtures of the 
same drug, m was a constant. The value k is a function of the coefficient 
of Rankine K given by Eq. 6, and $ may be approximated from the angle 
of repose. 


For the powder mixtures containing drug, spray-dried lactose, starch, 
and magnesium stearate, the values of $, K ,  k ,  and In C are given in Table 
11. A plot of C uersus k gave a linear relationship with r = -0.9666. Figure 
5 gives a plot of In C uersus k .  The excellent correlation ( r  = -0.998) in- 
dicates that  In C is inversely proportional to k .  


Figure 6 gives a plot of VoIV- uersus C for the same powder mixture. 
A linear relationship ( r  = 0.9809) between Vo/V- uersus C suggests that 
these parameters are directly related. 


The results of this study suggest that  the consolidation ratio is a 
function of tensile strength and that both parameters are useful in 
studying flow behavior of powders and powder mixtures. The physical 
significance of the consolidation ratio was explored. The consolidation 
ratio is a function of the ratio of the initial volume to the net volume of 
the powder and of the coefficient of Rankine, which, in turn, is a function 
of the angle of internal friction in the static powder bed. 
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Abstract 0 A numerical index is proposed that ranks solvents according 
to their polarity. It is based entirely on structure, encoding the relative 
content of exterjacent electrons in the molecule. The index is the first- 
order valence molecular connectivity index, lx". The index is modified 
for the number of isolated functional groups in the molecule. A com- 
parison with solvent polarity indexes based on several experimental 
methods reveals a good relationship. The polarity index proposed can 
be quickly calculated, it does not depend on the availability of the actual 
molecule, and it permits prediction of solvent polarity or the polarity of 
mixtures. 


Keyphrases 0 Solvent polarity-quantitative method based on mo- 
lecular structure Polarity index-solvents, quantitative method based 
on molecular structure Molecular structure-quantitative method for 
ranking solvent polarity 


The term "solvent polarity" is widely used by chemists 
to characterize the observed manifestations of intermo- 
lecular interactions in a solution process. The processes 
may be chromatography, dissolution, or chemical reac- 
tions. The manifestations of the interactions are recorded 
as the separation or retention on stationary phases, the 
solubility, and the partitioning or reaction course and rate. 


Solvent polarity is a comparative term which the chemist 
uses intuitively to rank commonly employed compounds. 
This intuition, based on experience, permits the general- 
ization that hydrocarbons are less polar than esters while 
alcohols are more polar than esters of the same molecular 
weight. 


BACKGROUND 


The quantitation of solvent polarity is difficult in practice due to the 
variety of intermolecular forces that may operate between molecules in 
a given system. Much has been written about solution theory, but the 
forces influencing solvent-solute interactions can be summarized as those 
due to dispersion and dipolar and electron donor-acceptor properties 
(1). 


Dispersion forces account for virtually all of the attractive energy he- 
tween nonbonded atoms among hydrocarbons. These compounds are 
regarded as nonpolar when their solvent properties are characterized. 
Dipolar and electron donor-acceptor interactions influence the attractive 
energy among molecules possessing unsaturation or atoms other than 
carbon or hydrogen. Solvents possessing structures capable of these in- 
teractions are characterized as being polar. Thus, molecular structure 
governs solvent polarity, but this relationship has yet to be quantified 
in any simple way. 
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Abstract IR spectroscopy and changes in the rate of acid neutraliza- 
tion were used to study the interaction between various polyols and 
aluminum hydroxide. Hydrogen bonding is responsible for this interac- 
tion, although structural requirements limit the polyols that interact with 
aluminum hydroxide. Mannitol and sorbitol, both linear polyols, inter- 
acted with sulfate-containing aluminum hydroxide gel and aluminum 
hydroxycarbonate gel, while inositol, a cyclic polyol, did not interact. The 
adsorbed polyol has the favorable effect of inhibiting the polymerization 
reaction that occurs on aging and the negative effect of reducing the rate 
of acid neutralization. Thus, the specific polyol and concentration must 
be carefully selected to maximize the desired effect of stabilizing the gel 
structure. The presence of mannitol in the reaction medium during 
precipitation did not significantly enhance gel structure stability, 
probably because the mannitol was desorbed during the washing process 
as a consequence of the weak adsorption forces. 


Keyphrases 0 Aluminum hydroxide-mechanism of interaction with 
polyols 0 Polyols-mechanism of interaction with aluminum hydroxide 
0 Spectroscopy, IR-mechanism of interaction between polyols and 
aluminum hydroxide gel Structure stability-mechanism of interaction 
between polyols and aluminum hydroxide gel 


The use of a polyol such as sorbitol to improve the sta- 
bility of aluminum hydroxide antacid formulations, a 
widely followed practice, has been the object of numerous 
studies and patents (1-8). Although these reports dem- 
onstrated the beneficial effects of polyols, the molecular 
basis of the interaction has not been described. This study 
examined the mechanism of interaction between polyols 
and aluminum hydroxide gel and the factors that affect the 
optimum use of polyols in antacid formulations. 


EXPERIMENTAL 


Aluminum hydroxycarbonate gel was obtained commercially. A sul- 
fate-containing aluminum hydroxide gel containing 3.4% equivalent 
aluminum oxide (0.33 M) was precipitated by the reaction of aluminum 
sulfate and strong ammonia solution NF (NF XV) (9). To determine the 
effect of the presence of mannitol a t  the time of precipitation, a series 
of precipitations of a sulfate-containing aluminum hydroxide gel con- 
taining 1.5% equivalent aluminum oxide (0.147 M) was carried out as 
described but with either 0.22 or 0.588 M mannitol dissolved in the alu- 
minum sulfate solution prior to precipitation. The sulfate-containing 
aluminum hydroxide gel was divided into two portions. One portion was 
washed in the usual manner with three volumes of deionized water, and 
the second portion was not washed. The lower concentration of equivalent 
aluminum oxide was required due to the limited solubility of mannitol 
(0.99 M in water) (10). 


The ease of mannitol desorption from the sulfate-containing aluminum 
hydroxide gel was determined by preparing a suspension containing 0.22 
M mannitol and 0.147 M equivalent aluminum oxide. The mixture was 
centrifuged at 15,000 rpm (27,OOOXg) for30 min. The clear supernate was 
decanted, weighed, and assayed for mannitol by a microcolorimetric 
method (11). The solid phase was resuspended in double-distilled water 
to the original volume, and the procedure was repeated five times. 


Sorbitol, mannitol, and inositol were selected for the IR study because 
each is a six-carbon polyol containing one hydroxide per carbon. Sorbitol 
and mannitol are linear, while inositol is cyclic. The deuteration proce- 
dure of Hamill and Freudenberg (12) was adopted since the polyols are 
water soluble, nonvolatile, and stable in aqueous solution up to 100'. 
Deuterium oxide (30 g) was added to 5 g of polyol, and the solution was 


maintained at  70' for 72 hr followed by lyophilization'. The preparation 
of deuterated sorbitol was not successful since a glass was always obtained 
during lyophilization (13). The IR spectra of the deuterated mannitol 
and deuterated inositol were compared to those of mannitol and inositol. 
The 0H:OD frequency ratio was 1.35 for each hydroxyl band, which 
confirmed that deuteration had occurred (14). 


The interaction between the deuterated polyols and aluminum hy- 
droxycarbonate gel or sulfate-containing aluminum hydroxide gel was 
studied by preparing a suspension containing 0.50 M deuterated polyol 
and 0.33 M equivalent aluminum oxide. The suspensions were allowed 
to mix for 1 hr, and a sample was air dried. IR spectra were recorded2 
using potassium bromide pellets (1 mg of sample/300 mg of potassium 
bromide). The positions of the hydroxy and deuteroxy stretching bands 
were determined using an abscissa expansion of 5X with a wave number 
marker a t  every 10 cm-l and an ordinate expansion of either 1x or 
lox. 


The rate of acid neutralization of suspensions containing 0.50 M polyol 
and 0.33 M equivalent aluminum oxide was determined by pH-stat ti- 
tration3 at  pH 3.0 and 25' (15) during aging at  40'. The effect of polyol 
concentration on the rate of acid neutralization was studied by deter- 
mining the pH-stat titrigrams of a series of suspensions containing 0.098 
M equivalent aluminum oxide and varying molar ratios of polyol. The 
lower concentration of equivalent aluminum oxide was necessary due to 
the low solubility of inositol(O.78 M) (10). 


The soluble aluminum content of aluminum hydroxycarbonate gels 
containing various amounts of mannitol was determined by centrifuga- 
tion at  15,000 rpm (27,000Xg) for 30 min and measurement of the alu- 
minum content of the supernate by atomic absorption spectroscopy4 
(16). 


RESULTS AND DISCUSSION 


Amphoteric compounds such as aluminum hydroxide usually exhibit 
hydroxyl stretching frequencies a t  3660-2900 cm-l(l7). The hydroxyl 
stretching frequencies of polyols occur a t  3450-3200 cm-' (18). An in- 
teraction between aluminum hydroxide and a polyol that involves the 
hydroxyls of either the aluminum hydroxide or the polyol would be dif- 
ficult to study by IR spectroscopy because the hydroxyl stretching 
frequencies overlap. This problem is aggravated by the occurrence of 
hydroxyl stretching vibrations of adsorbed water in the same region. 
However, the interaction between deuterated polyols and aluminum 
hydroxide can be directly studied by IR spectroscopy since deuteroxy 
stretching frequencies of deuterated polyols occur between 2550 and 2370 
cm-'. Aluminum hydroxide does not exhibit any IR absorption bands 
in the 2600-2400-c1n-~ region. There appears to be no hydrogen-deute- 
rium exchange between the deuterated polyols and the aluminum hy- 
droxycarbonate gel a t  these experimental temperatures. Since the 
preparqtion of the potassium bromide pellets required air drying the 
sample, there is the question of whether the dehydration process changes 
the apparent nature of the interaction. The fact that no shift was observed 
for the inositol-aluminum hydroxide systems suggests that the shifts 
observed for mannitol were not an artifact. 


Figure 1 shows that both the frequency and relative intensity of the 
deuteroxy stretching bands of deuterated mannitol are significantly al- 
tered by the aluminum hydroxycarbonate gel. The free deuteroxyl band 
of deuterated mannitol occurred at  the highest frequency, i.e., 2525 cm-1, 
and the intermolecularly bonded deuteroxyl peaks occurred at the lower 
frequencies, i.e., 2495,2448, and 2415 cm-' (19,20). Adsorption of deu- 
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Figure 1-Deuteroxy stretching bands of deuterated mannitol (MOD) 
and deuterated mannitol in the presence of aluminum hydroxycarbo- 
nate gel (MOD-A). Ordinate expansion is 1 X  for MOD and 1 O X  for 
MOD-A. 


terated mannitol by aluminum hydroxycarbonate gel as a consequence 
of hydrogen bonding would be expected to cause the free deuteroxyl band 
to shift to a lower frequency, as observed in Fig. 1. The band at 2525 cm-I 
shifted to 2508 cm-l, which suggests weak hydrogen bonding. However, 
the bands arising from intermolecular hydrogen bonds would be expected 
to shift to higher frequencies when monolayer adsorption occurs. From 
Fig. 1, it appears that the major intermolecular vibration a t  2448 cm-I 
shifted upward to 2465 cm-I and that the 2415 band shifted to appear 
as a shoulder in the 2430-cm-' region of the deuterated mannitol-alu- 
minum hydroxycarbonate gel system. Thus, the complex changes ob- 
served in the IR spectrum of deuterated mannitol in the presence of 
aluminum hydroxycarbonate gel reflect the adsorption of deuterated 
mannitol onto the aluminum hydroxycarbonate surface. 


A similar change in the IR spectrum of deuterated mannitol occurred 
in the presence of sulfate-containing aluminum hydroxide gel with the 
deuteroxy stretching bands appearing at  2516,2476,2450, and 2414 cm-l 
as a consequence of adsorption. 


The carbonate stretching bands of aluminum hydroxycarbonate a t  
1521 and 1467 cm-' were not affected by the presence of deuterated 
mannitol, suggesting that the coordinated carbonate is not involved in 
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Figure 2-Deuteroxy stretching bands of deuterated inositol (ZOD) and 
deuterated inositol in the presence of aluminum hydroxycarbonate gel 
(IOD-A). Ordinate expansion is 1 O X .  


the interaction with mannitol. However, the sulfate stretching frequency 
of the sulfate-containing aluminum hydroxide gel shifted from 1130 to 
1110 cm-l in the presence of deuterated mannitol. IR evidence indicates 
that carbonate is strongly coordinated to aluminum in aluminum hy- 
droxycarbonate gel while sulfate is weakly coordinated to aluminum in 
sulfate-containing aluminum hydroxide gel (21). The apparent absence 
of interaction of deuterated mannitol with coordinated carbonate in 
aluminum hydroxycarbonate gel may be due to the strong coordination 
of carbonate to aluminum, which would not be substantially affected by 
hydrogen bonding with deuterated mannitol. The weaker sulfate-alu- 
minum bond in sulfate-containing aluminum hydroxide gel is affected 
by hydrogen bonding with deuterated mannitol, and a 20 cm-'-shift in 
the frequency of the sulfate bond was observed. 


The hypothesis that the interaction between mannitol and aluminum 
hydroxide is due to hydrogen bonding is further supported by the ob- 
servation that the soluble aluminum content of aluminum hydroxycar- 
bonate gel was 0.3% and did not change when mannitol was added to the 
gel in a molar ratio of 0.5-4 M mannitol per equivalent aluminum oxide. 
Thus, the interaction between mannitol and aluminum hydroxycarbonate 
gel is not strong enough to solubilize aluminum. 


The IR spectrum of deuterated inositol was not affected by the alu- 
minum hydroxycarbonate gel (Fig. 2), thus indicating that no interaction 
occurs between inositol and aluminum hydroxide. However, the deu- 
teroxy stretching frequencies of deuterated inositol (2506,2468,2414, 
and 2388 crn-') were all lower than those observed for deuterated man- 
nitol (2525,2495,2448, and 2415 cm-'). Thus, intermolecular association 
of inositol is expected to be greater than for mannitol. 


IR evidence for the interaction of mannitol with aluminum hydroxide 
gel and the absence of an interaction with inositol is supported by the 
change in acid reactivity of mixtures of aluminum hydroxycarbonate gel 
and polyols during aging. The pH-stat titrigrams of the aluminum hy- 
droxycarbonate gel (0.33 M equivalent aluminum oxide) and mixtures 
of the aluminum hydroxycarbonate gel containing 0.5 M mannitol, sor- 
bitol, or inositol showed that all four samples reacted completely in -60 
min (Fig. 3), although the rate of acid neutralization was slightly slower 
in the mixtures containing sorbitol or mannitol. The pH-stat titrigrams 
of the aluminum hydroxycarbonate gel and the inositol-containing 
mixture were significantly affected by aging at 40' for 1 week. As seen 
in Fig. 3, -20% of the aluminum hydroxycarbonate gel reacted very slowly 
at  pH 3, suggesting that extensive polymerization of the aluminum hy- 
droxy polymers had occurred (22). In contrast, the mixtures containing 
mannitol or sorbitol reacted completely after aging a t  40' for 1 week, 
although the reaction rate decreased, requiring 90 min for complete 
neutralization. Thus, sorbitol and mannitol were effective in minimizing 
polymerization in aluminum hydroxycarbonate gel while inositol did not 
show any effect on the structural changes during aging. 
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Table I-Effect of Polyols on the Rate of Acid Neutralization of 
Aluminum Hydroxycarbonate Gel Containing 0.98 M Equivalent 
Aluminum Oxide 


Polyol Tw, min 
Added 0.3 M polyol 1.3 M polyol 2.3 M polyol 3.3 M polyol 


Controla 26 26 26 26 
Mannitol 26 28 30 44 
Sorbitol 26 28 30 44 
Inositol 26 26 26 26 


Aluminum hydroxycarbonate gel. 


bonding sites. The melting points of sorbitol, mannitol, and inositol are 
110,168, and 225', respectively (10). The higher melting point and lower 
deuteroxy-stretching frequencies of inositol suggest the presence of strong 
intermolecular forces. Thus, the tendency of inositol toward self-asso- 
ciation may be greater than the tendency toward adsorption by aluminum 
hydroxide. 


The polyol concentration used to stabilize aluminum hydroxide must 
be carefully selected because the adsorbed polyol, in addition to inter- 
fering with polymerization, may also slow the rate of reaction with protons 
and thus reduce the rate of acid neutralization. Evidence of this effect 
was seen (Fig. 3) as a slight reduction in the rate of acid neutralization 
occurred when sorbitol or mannitol was added to the aluminum hy- 
droxycarbonate gel. This effect is seen clearly in Table I where the rate 
of acid neutralization of aluminum hydroxycarbonate gel, as measured 
by the time required to neutralize 50% of the sample ( T ~ o ) ,  increases in 
direct relationship to the concentration of mannitol or sorbitol. In the 
presence of high levels of mannitol or sorbitol, the Tm increased from 26 
to 44 min. In contrast, inositol did not affect the rate of acid neutraliza- 
tion. 


Since changes in the aluminum hydroxide gel structure occur most 
rapidly immediately after precipitation (23), it may be advisable to in- 
corporate a polyol in the reaction medium to achieve the maximum rate 
of acid neutralization. Thus, a sulfate-containing aluminum hydroxide 
gel was precipitated in the presence of varying amounts of mannitol. As 
seen in Fig. 4, the sulfate-containing aluminum hydroxide gel precipitated 
in the presence of a molar ratio of 1.5 M mannitol per equivalent alumi- 
num oxide aged at  the same rate as the control. However, the rate of loss 
of acid reactivity was substantially reduced when the sulfate-containing 
aluminum hydroxide gel wm precipitated in the presence of a molar ratio 
of 4 M mannitol per equivalent aluminum oxide. 


It was hypothesized, based on the hydrogen bonding mechanism in- 
dicated by the IR study, that the washing procedure removed most of the 
mannitol, and this hypothesis is supported by the desorption profile 
shown in Fig. 5. Most of the mannitol was removed by the first volume 
of wash water, and only -30% of the added mannitol remained after the 
described washing procedure. The rate of acid neutralization of the un- 
washed sulfate-containing aluminum hydroxide gel was much greater 


I 1 I I I - 
MINUTES 
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Figure 3-Effect of polyols on the rate of acid neutralization of alu- 
minum hydroxycarbonate gel (AHC). Key: A, initial pH-stat titrigram 
of AHC and inositol-containing AHC; B, initial pH-stat titrigram of 
sorbitol-containing AHC and mannitol-containing AHC; C, 1 week, 40' 
titrigram of sorbitol-containing AHC and mannitol-containing AHC; 
and D, 1 week, 40' titrigram of AHC and inositol-containing AHC. 


Therefore, the hydrogen bonding of polyols with aluminum hydroxide 
is an important reaction because the adsorbed polyol appears to interfere 
with the polymerization reaction and, consequently, the structural 
changes that ultimately lead to the inactive crystalline forms of aluminum 
hydroxide are minimized. However, the reaction between polyols and 
aluminum hydroxide gel is not universal. The difference in the effect of 
mannitol and sorbitol in comparison to inositol may be due to differences 
in the conformation of the polyol or in the strength of its intermolecular 
forces. Mannitol and sorbitol are both linear polyols, while inositol is 
related to cyclohexane. A linear conformation may permit more extensive 
hydrogen bonding to the aluminum hydroxide surface than is possible 
with cyclic polyols because of steric factors and the position of hydrogen 
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Figure 4-Change in the rate of acid neutralization during aging at 25' 
of sulfate-containing aluminum hydroxide gels precipitated in the 
presence of 0, 1.5, and 4 M mannitol per equivalent aluminum oxide. 
Key: W ,  washed; and U, unwashed. 
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Figure 5-Desorption of mannitol during washing with distilled 
water. 
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than that of the washed portion, and the rate of loss of acid reactivity 
during aging was also reduced. This behavior confirms the strong stabi- 
lizing effect of anions (23). However, the unwashed portion that was 
precipitated in the presence of a molar ratio of 1.5 M mannitol per 
equivalent aluminum oxide showed the smallest decrease in the rate of 
acid neutralization during aging. The interaction between polyols and 
aluminum hydroxide gel apparently is too weak to recommend the in- 
corporation of mannitol or sorbitol in the reaction medium. However, 
the results suggest the addition of mannitol or sorbitol immediately after 
washing. 
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Abstract Thirty-two male and female volunteers, 24-84 years of age, 
ingested single 30-mg doses of temazepam, a 3-hydroxy-1,4-benzodi- 
azepine derivative used as a hypnotic agent. Kinetics of total and un- 
bound temazepam were determined from multiple plasma temazepam 
concentrations measured during 48 hr after the dose. The temazepam 
elimination half-life ranged from 8 to 38 hr and was longer in women than 
in men (16.8 versus 12.3 hr, p < 0.05). Likewise, clearance of total 
temazepam (assuming complete absorption) was higher in men than in 
women (1.35 versus 1.02 ml/minkg, p < 0.025). Neither half-life nor 
clearance was significantly related to age. The volume of distribution of 
total temazepam (mean 1.40 literskg) was unrelated to age or gender. 
Temazepam was extensively protein bound, with a mean free fraction 
of 2.6% (range 1.7-3.4%). The free fraction increased with age ( r  = 0.45, 
p = 0.01), partly due to the inverse relation of the free fraction to plasma 
albumin concentration (r = -0.34, p = 0.06) and the age-related decline 
in plasma albumin ( r  = -0.49, p < 0.005). After correction for individual 
differences in binding, clearance of unbound temazepam in men was 
higher than in women (50.5 versus 39.7 ml/min/kg, 0.05 < p < O.l), and 
it tended to decline with age in both sexes (r  = -0.44 and -0.43, re- 
spectively, p = 0.1). 


Keyphrases Temazepam-effect of age and gender on disposition and 
elimination Tranquilizers-temazepam, effect of age and gender on 
disposition and elimination 0 Hypnotics-temazepam, effect of age and 
gender on disposition and elimination 


Temazepam (I) is a 3-hydroxy-1,4-benzodiazepine de- 
rivative used as a hypnotic agent. The major metabolic 
pathway of temazepam in humans involves conjugation 


I 


with glucuronic acid a t  position 3, yielding a water-soluble 
glucuronide metabolite that is excreted in the urine (1). 
Since the aging process may alter drug pharmacokinetics, 
this study was undertaken to assess the disposition and 
elimination of temazepam in young and elderly volun- 
teers. 


EXPERIMENTAL 


Subjects-Thirty-two healthy male and female volunteers, 24-84 
years of age, participated after giving written informed consent. They 
were divided into four groups of young male, young female, elderly male, 
and elderly female subjects (Table I). All young subjects were free of any 
identifiable medical disease and were taking no medications. Elderly 
individuals were ambulatory, active, and in general good health. Five 
elderly subjects were taking medications for the treatment of cardio- 
vascular disease that was clinically stable and compensated. 
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Abstract 0 The interaction of 32 drugs of diverse chemical structure 
with cross-linked insoluble polyvinylpyrrolidone (crospovidone) was 
studied. By using a polymer to drug ratioof l k l ,  the sorbed amount for 
20 compounds was found to be <5%. After a 10-fold decrease of the 
polymer concentration, the sorbed amount of eight other compounds fell 
to or below the 5% level. Only tannic acid and hexylresorcinol exhibited 
a significantly stronger sorption tendency. The interaction appeared to 
be controlled by phenolic groups in the active ingredient. The binding 
can be quantified by an interaction constant, K,, whose definition is based 
on a bulk phase model of interaction uia independent binding sites. The 
exceptionally strong binding of hexylresorcinol, however, apparently was 
caused by cooperative interaction of the hexyl groups in the bound state. 
Desorption studies revealed that the binding was fully reversible in all 
cases. Therefore, the presence of cross-linked polyvinylpyrrolidone as 
a disintegrant in pharmaceutical preparations is not expected to interfere 
with GI drug absorption. 


Keyphrases 0 Polyvinylpyrrolidone-interaction with 32 pharma- 
ceuticals of diverse chemical structure, sorption and desorption studies 
0 Sorption-interactions of 32 pharmaceuticals of diverse chemical 
structure with cross-linked insoluble polyvinylpyrrolidone o Bind- 
ing-interactions of 32 pharmaceuticals of diverse chemical structure 
with cross-linked insoluble polyvinylpyrrolidone, sorption and desorption 
studies 


N-Vinylpyrrolidone can be polymerized to yield poly- 
vinylpyrrolidone, a readily soluble polymer, or can be 
transformed into a cross-linked insoluble polyvinylpyr- 
rolidone (crospovidone, I) by proliferous polymerization 
(1-3). 


Compound I exhibits an exceptionally high swelling 
pressure (4), which apparently is connected with the in- 
creased hydration capacity of the polymer (5,6). For that 
reason, I is particularly useful as a disintegrating agent in 
pharmaceutical formulations. 


BACKGROUND 


Because of its disintegrating effect, I may enhance the release rate of 
drug from tablet formulations. With griseofulvin tablets containing a 
large amount of polyethylene glycol, I enhanced drug release at a signif- 
icantly higher rate than when I was not present (7). 


The same advantageous effect was observed in similar formulations 
with other drugs (8). The release of penicillins and cephalosporins from 
capsules was promoted by I (9). The dissolution rate of kavaine was in- 
creased after sorption onto I as a carrier (10). 


Because of the dipolar character and the porous structure of I, specific 
interactions wjth solutes cannot be predicted. Only in a single case has 
a relatively strong binding of tannic acid and related compounds been 
reported (2). Other compounds such as acetaminophen, benzocaine, 
metamizole, and salicylamide exhibited no stronger interaction with I 
than with corn starch, carboxymethyl starch, and microcrystalline cel- 
lulose (11). 


The present study investigated the possible interactions of I with nu- 
merous drugs of diverse chemical structure. Some compounds chosen 
were known for their binding tendency with polyvinylpyrrolidone (12). 
The experimental results are explained on the basis of models of non- 
cooperative and cooperative interaction. 


EXPERIMENTAL 


Materials-The following were obtained from commercial sources: 


acetaminophen', allopurinoP, benzocaine3, benzoic acid4, p-tert-  butyl- 
phenol5, caffeine6, chloramphenicoP, cinnarizine6, diphenhydramine6, 
ethaverine6, hexylres~rcinol~, p -hydroxybenzoic acid7, isoniazid6, men- 
adione4, methaqualone4, nitrofurantoin7, papaverine hydrochloride4, 
phenazone4 (antipyrine), procaine hydrochloride4, promethazine hy- 
drochloride6, propylparaben2, pyridoxine hydrochloride4, reserpine7, 
resorcinol*, riboflavin4, salicylic acid4, sodium salicylate4, sulfadiazine6, 
sulfamidopyrine6, tannic acid4, tetracaine hydrochloride3, and theo- 
phylline6. 


All materials were the highest available grade and were used without 
further purification. 


The specific surface area of cross-linked polyvinylpyrrolidones (I) was 
determined by nitrogen adsorption, according to the Brunauer, Emmett, 
and Teller method9 (13), after the samples were dried carefully. 


Sorption Experiments-For the easily soluble substances, 1000 mg 
was dissolved in lo00 ml of 0.01 N HCl, water, or artificial intestinal fluid 
(USP XIX) unless otherwise noted. Where the solubility was insufficient, 
the suspension was filtered after vibrational stirring for 0.5 hr. The filtrate 
was diluted until 200 ml contained 100 mg of solute. For even less soluble 
samples, saturated solutions at  25O were used. 


The sorption experiments were performed in a thermostatted bath at  
37 f 0.5'. Compound I was added in amounts of 1000 or 100 mg/200 ml 
of solution, and the suspension was maintained under steady vibrational 
stirring at 150 rpm for 0.5 hr. Then the suspensions were filtered or 
centrifuged at  37'. The amount of unbound drug was determined spec- 
trophotometrically, with the absorbance values of the polymer-free so- 
lutions of the drugs (which had gone through the same cycle of pre- 
treatment) as a reference. 


Determination of the residual drug concentrations was performed using 
appropriate calibration curves measured at  the following characteristic 
wavelengths: acetaminophen, 243 nm; allopurinol, 251 nm; benzocaine, 
226 nm; benzoic acid, 230 nm; p-tert  -butylphenol, 274.5 nm; caffeine, 
273 nm; chloramphenicol, 278 nm; cinnarizine, 253 nm; diphenhydramine, 
258 nm; ethaverine, 252 nm; hexylresorcinol, 279 nrn; p-hydroxybenzoic 
acid, 255 nm; isoniazid, 266 nm; menadione, 261 nm; methaqualone, 233.5 
nm; nitrofurantoin, 366 nm; papaverine, 251 nm; phenazone, 239 nm; 
procaine hydrochloride, 290 nm; promethazine hydrochloride, 250 nm; 
propylparaben, 255 nm; pyridoxine hydrochloride, 290.5 nm; reserpine, 
267 nm; resorcinol, 273 nm; riboflavin, 267 nm; salicylic acid, 237 nm; 
sodium salicylate, 236.5 nm; sulfadiazine, 243 nm; sulfamidopyrine, 258 
nm; tannic acid, 275 nm; tetracaine hydrochloride, 228 nm; and theo- 
phylline, 271.5 nm. 


Desorption Experiments-Drug-loaded samples of I were prepared 
by centrifuging the respective suspensions following sorption. After the 
sediments were isolated, the desorption of bound drug was studied at 25O 
by vigorously shaking the 1000-mg samples three or more times with 50 
or 100 ml of the respective solvent for 15 min. The degree of desorption 
was determined by spectrophotometric analysis of the combined super- 
nates after centrifuging the suspensions. 


RESULTS 


Under the described experimental conditions, several drugs essentially 
did not interact with I allopurinollO, chloramphenicol, cinnarizine'o, 
caffeine, diphenhydramine hydrochloride, ethaverine hydrochloride, 


Fluka, Neu-Ulm, West Germany. * EGA Chemie, Steinheim, West Germany. 
Sigma Chemie, Munchen, West Germany. 
Merck AG, Darmstadt, West Germany. 
BASF AG, Ludwigshafen, West Germany. 
Synochem, Hamburg, West Germany. 
Serva, Heidelberg, West Germany. 


lo Investigated in saturated solution. 
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Table I-Sorption Data of Compounds with a Moderate Binding Tendency to I a 


Sorbed Amount of Drug, % Binding Constant, K,, M-1 
Weighing- 0.01 N HC1 Water 0.01 N HCl Water 
in Drug, 1000 ml of I 100 mg of I 1000 mg of I 100 mg of I cp = c p =  c p =  c p =  


Compound g/200 ml (cp = 0.005) (cp = 0.0005) (cp = 0.005) (cp = 0.0005) 0.005 0.0005 0.005 0.0005 


(rnol. wt. 151) 


(rnol. wt. 165) 


(rnol. wt. 122) 


(mol. wt. 180) 


(mol. wt. 110) 


(rnol. wt. 138) 


(mol. wt 160) 


(mol. wt. 250) 


Acetaminophen 0.1 8.1 1.4 7.3 0.3 2.0 3.2 1.6 0.7 


Benzocaine 0.1 7.7 0.8 7.6 1.2 1.9 1.8 1.8 2.7 


Benzoic acid 0.1 11.3 1.4 9.4 0.7 2.9 3.2 2.3 1.6 


Propylparaben 0.035 23.4 3.1 21.8 5.3 6.8 7.2 6.2 12.6 


Resorcinol 0.1 31.7 3.5 32.2 5.0 10.7 8.4 10.9 12.3 


Salicylic acid 0.1 18.0 1.8 14.7 1.1 4.9 3.9 4.1 2.5 


Sodium salicylate 0.1 22.6 2.8 0.5 0.1 6.5 6.4 0.1 0.2 


Sulfadiazine 0.02 1.2 0.9 4.9 -0 1.7 2.0 1.1 -0 


0 The molar concentrations of I are expressed in moles of monomer segments per unit volume. 


Table 11-Sorption Data of Compounds Exhibiting Strong Binding to I 


Sorbed Amount of Drug, 9i Binding Constant, K, ,  M-l 
Weighing- 0.01 N HCl Water 0.01 N HCl Water 
in Drug, 1000 mg of I 100 mg of I 1000 mg of I 100 mg of I c p =  c p =  c p =  c p =  


Compound g/200 ml (cp = 0.005) (cp = 0.0005) (cp = 0.005) (cp = O.ooO5) 0.005 0.0005 0.005 0.0005 


p-tert -Butylphenol 0.06 21.5 10.2 21.6 12.2 6 25 6 31 


Hexylresorcinol 0.06 96.5 76.8 96.3 71.3 (617)" (777)" (582)" (616)" 
(mol. wt. 150) 


(mol. wt. 194) 


benzoic acid 
(mol. wt. 138) 


(mol. wt. 1548) 


,I The numbers in parentheses are formal values according to Eq. 8; for details, see text. 


p-Hydroxy- 0.1 44.1 6.9 39.0 5.0 18 17 14 12 


Tannic acid 0.1 94.4 27.9 90.1 34.6 (375)" (86)" (200)" (118)" 


isoniazid, menadione'O, methaqualone10, nitrofurantoinlo, papaverine 
hydrochloridei0, phenazone, procaine hydrochloride, promethazine hy- 
drochloride, pyridoxine hydrochloride, reserpine'o, riboflavin10, sul- 
famidopyrine, tetracaine hydrochloride, and theophylline. In all cases, 
the amount of material bound onto I dispersed in 0.01 N HCl or water 
was <5%. 


Table I lists all materials that exhibited a degree of sorption higher than 
5% at high I concentrations ( i e . ,  lo00 mg/per 100 mg of drug). Decreasing 
the I concentrations by a factor of 10, however, decreased the amount 
bound (5% level and lower) in all cases. 


The compounds listed in Table I1 were bound by I significantly even 
at low polymer concentrations. The strong binding of tannic acid in 
aqueous suspensions of I was reported previously (2). 


The results of the binding studies of selected systems with artificial 
intestinal fluid are shown in Table 111. 


Except for tannic acid, hexylresorcinol displayed the strongest binding 
irrespective of the suspension medium pH (Tables I1 and 111). 


As to the desorption studies, characteristic results of a few selected 
compounds are shown in Table IV. 


To determine whether the thermodynamics of the sorption process 
is influenced by surface phenomena, sorption studies were performed 
with two types of I, which differed by a factor of five in specific surface 
area. Typical data are shown in Fig. 1, where [Ao] / [A] ,  the ratio of the 
weighing-in concentration and the unbound amount of the drug, is 
plotted versus the polymer to drug ratio. 


The close similarity of the sorption behavior of both I samples indicates 
that sorption thermodynamics is dominated by bulk phase properties 
of the polymer and that any possible influence of the extent of the specific 
surface area of the material can be neglected. Hence, the sorption data 
can be treated according to the mass law of chemical equilibrium of bulk 
phases. When considering only the polymer compartment, it may be 
assumed that binding of the drug, A ,  occurs on independent free binding 
sites, F, of the polymer. Then the sorption constant K.  is defined as: 


(Eq. 1) 


The mass balance equation then is written as [Fo] = [F] + [FA], where 
[Fo] denotes the total concentration of binding sites, [F] is the concen- 
tration of free bindings sites, and [FA] is the concentration of occupied 
binding sites and is identical with the bound amount of drug. 


Table 111-Data 
(USP XIX) 


of Sorption Studies in  Artificial Intestinal Fluid 


Compound 


Sorbed Amount of Drug, 
Weighing- % 
in Drug, 1000 mg of I 100 mg of I 
gI200 m1 (cp = 0.005) (cp = 0.0005) 


Acetaminophen 
(mol. wt. 151) 


Benzocaine 
(rnol. wt. 165) 


Benzoic acid 
(rnol. wt. 122) 


p-tert -Butylphenol 
(rnol. wt. 150) 


Hexylresorcinol 
(mol. wt. 194) 


p -Hydroxybenzoic 
acid (rnol. wt. 138) 


Promethazine 
hydrochloride 
(rnol. wt. 321.5) 


Propylparaben 
(rnol. wt. 180) 


Resorcinol 
(rnol. wt. 110) 


Salicylic acid 
(rnol. wt. 138) 


Sulfadiazine 
(rnol. wt. 250) 


Tannic acid 
(rnol. wt. 1548) 


0.1 


0.1 


0.1 


A t  saturation 


At  saturation 


0.1 


0.1 


At  saturation 


0.1 


0.1 


At saturation 


0.1 


7.9 


9.4 


1.1 


21.3 


96.7 


1.2 


4.5 


26.8 


32.5 


2.4 


1.7 


90.2 


0.1 


0.2 


1.0 


8.9 


73.2 


0.4 


2.6 


3.7 


5.4 


0.6 


0.2 


30.0 
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Table IV-Desorption of Various Drugs from I in 0.1 N HCl at 25": Comparison of Experimental Data with Theoretical Values 


Remaining Sorbed Amount after n Desorption Steps, mg 
Com- Sorption of Drug, mg n = l , m , , l  n = 2 , m , , z  n = 3 , m , , 3  n = 4 , m s , 4  n = 6 , m , , S  n=10,m, , lo  
pound moa lo2@ m,.ob 1 0 2 ~  Exp. Theor. Exp. Theor. Exp. Theor. Exp. Theor. Exp. Theor. Exp. Theor. 


~~~ ~ 


- - - - - Benzoic 25 2.25 9.25 1.13 1.7 2.1 -0 0.5 -0 0.1 - 
acid 
(0.25 g1 
liter) 


sorcinol 
(0.25 gf 


Hexylre- 25 1.4 23.9 0.72 21.5 22.0 19.1 20.2 16.8 18.6 14.7 17.1 11.0 14.4 5.8 10.3 


liter) 
Resorcinol 25 1.3 19.1 0.65 11.9 11.9 7.3 7.5 4.3 4.7 2.4 2.9 0.4 1.1 - - 


(0.25 gf 
liter) 


acid 
(0.25 gf 
liter) 


acid 


liter) 


a Amount of drug prior to sorption. * Initially sorbed amount of drug. 


- - - - - Salicylic 25 2.0 13.1 1.0 3.7 4.7 0.1 1.7 -0 0.6 - 


Tannic 10 0.1 9.7 0.05 9.6' 9.2 9.5' 8.7 9.5' 8.2 9.4' 7.8 - - - - 


(0.1 g/ 


Experimental values too high; for further details, see text. 


An alternative view of the system, based on the mass distribution of 
drug between the liquid and the (swollen) solid phase, is obtained by 
introducing the Nernst coefficient, k ,  of mass distribution of A: 


where [A], and [A] denote the drug concentrations in the polymer and 
liquid phase, respectively. 


With the assumption that !A] is equilibrated with the portion of [A], 
that remains unbound within the polymer phase, then: 


(Eq. 3) 


After introducing the phase ratiocp = Vs/VL,  in which V, and V L  repre- 
sent the volumes of the polymer" and liquid phase, respectively, the mass 
balance equation for the drug becomes: 


"401 = [A1 + c p " 4 1 +  cpP[FAI (Eq. 4) 


or, when rearranged, it becomes: 


Substituting Eq. 5 into Eq. 3 gives: 


-- [A'] - 1 + kcp 
"41 


(Eq. 5) 


(Eq. 6 )  


As shown in Fig. 1, the experimental data are described by this equation, 
which supports the introduced model of binding. From the slope of the 
straight lines, the Nernst coefficient of interaction for both I samples is 
evaluated to be 84 and 79. 


The coupling of k with K, is performed by introducing Eqs. 5 and 6 into 
Eq. 1 to give: 


or: 


This equation is closely related to an equation derived by Luck (14) to 
describe the Nernst partition equilibrium in certain textile dyeing pro- 
cesses. 


From Eq. 8, it follows that for small values of the interaction constant 
K,, the Nernst coefficient k becomes independent of [A] (Fig. 2). This 
condition holds for all compounds in Table I and those that were listed 
as not interacting with I. Therefore, the polymer to drug interaction may 
be characterized either by k or K,. However, to evaluate K, from exper- 
imental data according to Eqs. 6 and 7, a reasonable assumption has to 
be made concerning the value of [Fo]. If it is assumed that each mono- 


l1 For convenience, the volume of I in the dry state is considered. 


meric subunit of the polymer may serve as a binding site, [Fo] becomes 
equal to -9 M. All K, values in Tables 1-111 were obtained using this 
assumption. 


Because of the sensitive dependence of K, on experimental errors of 
the sorption data, the K,  values in Table I obtained with cp = 0.005 and 
0.0005 are in satisfactory agreement, with the exception of the propyl- 
paraben-water system; the reason for this discrepancy is unknown. In 
general, however, the results support the notion that sorption occurs 
according to a reversible equilibrium process in interacting systems. 


For sodium salicylate, pronounced differences in K,  were found in the 


1.4 


1.3 


- 
T 
I . - 


1 .2  
I 


1.1 


I 
1.0 I I I 1 I 


0 10 20 30 
POLYMER TO DRUG RATIO, moles/mole 


Figure 1-Binding of propylparaben by I of different specific surface 
areas at 3 7 O .  The weighing-in concentration of the drug was 57 mgf200 
ml. The specific surface areas of the I samples according t o  the Bru- 
nauer, Emmett, and Teller method were 5.42 (a) and 0.98 m2fg (b). The 
marking of the abscissa is defined by cp = V,/VL, where V, is the volume 
of the solid phase and VL is the volume of the liquid phase. Molar con- 
centrations of the polymer refer t o  the molecular weight of the mono- 
meric subunit. 
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[Fo] - 0,186 ma1 I-' 


K, = 27000 Imol" 


10 lo'-- 


o.iJ 4 


1 od 1 o-5 1 o - ~  1 o-3 1 0 - 2  lo-' 
[ A ] ,  rnoledliter 


Figure 2-Dependence of the Nernst coefficient on the equilibrium 
concentration of the interacting drug, [A], for various values of the 
binding consfant, K,. Key: -, theoretical curves according to Eq. 8; and 
a- -, experimental values of tannic acid-I. 


acidic system (0.01 N HCl) as compared to plain water; similar sorption 
experiments with salicylic acid did not show comparable differences. This 
difference can be explained by the fact that, a t  the end of the sorption 
experiments, pH values above 6.0 were observed in the former case while 
pH values always remained at -3.1 in the latter case. 


The K ,  values of the strongly interacting compounds are summarized 
in Table 11. The exceptionally high K, values of tannic acid and hexyl- 
resorcinol deserve close scrutiny. In both cases, the Nernst coefficient 
is no longer independent of [A], although for different reasons. 


The experimental results of a detailed investigation of the Nernst 
partition of the tannic acid-I system is shown in Fig. 2, where log(kl[Fo]) 
is plotted against the logarithm of [A]. The experimental data are com- 
pared with theoretical curves as obtained from Eq. 8 for various K, values. 
For small K, values, where [A]Kg << 1 holds true, the Nernst coefficient 
k becomes independent of [A]. This condition is satisfied by all com- 
pounds in Table I and by some compounds in Tables I1 and 111. 


The experimental data for tannic acid, however, closely approach the 
limiting straight line of slope -1 where [A]KB >> 1 and log k - log[Fo] - 
log[A]. The concentration of effective binding sites, [Fo], of the tannic 
acid interaction with I is, according to Eq. 8,0.186 M. For the binding 
constant, K,, a value of the order of 2.7 X lo4 M-' is estimated. These 
exceptional figures underline the special role tannic acid plays in the 
interaction behavior with I. Apparently, this interaction is related to the 
comparatively high molecular weight of tannic acid (mol. wt. -1550) and 
its multifunctional chemical structure. In contrast to other compounds 
in this study, a single molecule of tannic acid covers many individual 
binding sites simultaneously, leading to extraordinarily strong 
binding. 


Hexylresorcinol, on the other hand, is another example of a peculiar 
interaction mechanism with I. The experimental results of a detailed 
investigation of this system are shown in Fig. 3. With resorcinol, the 
plotting of [Ao]l[A] versus cp yields a perfect straight line; with hexyl- 
resorcinol, the situation is apparently changed. The steep slope of the 
curve indicates an extremely strong interaction. On the other hand, the 
marked deviation from linearity of the curve suggests that the introduced 
model of interaction no longer applies. However, the experimental results 


I I I I 


0 20 40 60 80 
POLYMER TO DRUG RATIO, moles/rnole 


Figure 3-Binding of resorcinol and of hexylresorcinol by I in 0.01 N 
HCl at 37'. The weighing-in concentrations of the drug, [Ao], were 250 
(0) and 500 (a) mglliter. 


are readily explained in terms of a model of cooperative binding, A rele- 
vant plot of the data according to a theory of cooperative interaction (15) 
is shown in Fig. 4. 


As depicted in Fig. 4, the hexylresorcinol data fit the concept of co- 
operative binding. Therefore, the K, values of hexylresorcinol in Table 
11, which were evaluated according to the model of noncooperative 
competitive binding, are valid only to a first approximation for the stated 
polymer to drug ratio. Of course, the extremely strong tendency of in- 
teraction, as documented in Figs. 3 and 4, is reflected nevertheless in the 
magnitude of the K,  values. 


The cooperative binding plot (Fig. 4) allows the maximum number of 
bound hexylresorcinol molecules per vinylpyrrolidone segment in the 
polymer to be determined. With increasing weighing-in concentrations 
of the drug, the binding curves approach a limiting straight line, which 
can be extrapolated to the polymer to drug ratio axis. The intercept yields 
l l g ,  where g is the number of binding sites per polymer segment. An in- 
tercept value of 2 (Fig. 4) indicates that each hexylresorcinol molecule 
is bound by two vinylpyrrolidone residues. 


I- 
0 


U 
a 
U POLYMER TO DRUG RATIO, rnoles/mole 


Figure 4-Cooperative binding curves of hexylresorcinol-1 in 0.01 N 
HC1 at 37'. For comparison, relevant data of the noncooperatively 
bound resorcinol are included. The polymer to drug ratio is expressed 
in moles of monomer segments per mole of drug. Key: -, hexylresorcinol 
at 25 (O),  80 (O) ,  250 (A), and 500 (0) mglliter; and ---, resorcinol at 
250 (A) mglliter. 
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Finally, in the case of butylphenol, deviations from the expected con- 
stancy of the K,  values with changing cp are observed. There is no obvious 
explanation for this discrepancy. Perhaps a possible micellization reaction 
of the compound interferes with the polymer interaction in this case. 


The results of the desorption studies also can be treated according to 
the introduced model of interaction. If the desorption experiment is 
started with an adsorbed concentration of drug of [A],,o, after the first 
desorption step the partition equilibrium can be described according to 
Eq. 2 as: 


(Eq. 9) 


in which ms,l denotes the amount of the compound remaining in the 
polymer phase after the first desorption step and m denotes the appro- 
priate amount of desorbed material. Hence, the mass balance reads: 


ms,o = m + (Eq. 10) 


where m,,o represents the initially sorbed amount. From Eq. 9, it follows 
that: 


(Eq. 11) 
1 ms,l 
9 m,,o - ms,l 


k = -  


which can be rearranged to yield for n desorption steps: 


The fraction, y,, of the initially sorbed amount m,,o remaining bound 
after n desorption steps is ys = m,,,/m,,b: 


ys = (1 + 3" (Eq. 13) 


Experimental results of desorption studies with several substances with 
a pronounced sorption tendency are listed in Table IV. They are com- 
pared with theoretical values determined with Eq. 12 by considering the 
appropriate k values as obtained from sorption studies. With 15-min 
equilibration times for each desorption step, generally the experimental 
and theoretical values are in satisfactory agreement, indicating that the 
molecules are reversibly bound even in cases of substantial interac- 
tion. 


Again, hexylresorcinol and tannic acid play an exceptional role. With 
hexylresorcinol, the desorption process proceeds even faster than pre- 
dicted theoretically due to the underlying cooperative mechanism of 
interaction, which is not accounted for in the derivation of Eq. 12. On the 
other hand, the discrepancies with tannic acid are explained partly by 
Fig. 2. As the desorption proceeds, the value of the Nernst coefficient 
increases, slowing down the efficiency of the stepwise desorption process. 
The theoretical values of Table IV, however, are based on the assumption 
of a constant value of k.  The experimental verification of the degree of 
desorption is hampered further by the fact that tannic acid adheres to 
the surface of analytical glassware, disturbing a correct determination 
of the minute amounts desorbed in each single step. 


DISCUSSION 


Thirty-two compounds of diverse chemical structure were studied with 
regard to their sorption tendencies toward I. Even with rather extreme 
polymer to drug ratios of 101  (never met in practice), the sorbed amount 
was <5% with 20 pharmaceuticals. None of the pharmaceuticals within 
this class carried phenolic functional groups. 


Under the same experimental conditions, eight compounds showed 
sorption values between 5 and 33%. By decreasing the polymer concen- 
tration 10 times whereby a polymer to drug ratio of 1:l was established, 
the sorbed amount fell to or below the 5% level in cases of readily soluble 
drugs. All compounds of this class were characterized by a simple aro- 
matic structure, five of which (propylparaben, sodium salicylate, acet- 
aminophen, resorcinol, and salicylic acid) carried hydroxyl groups. 


Significant differences in binding between the water and 0.01 N HC1 
system were observed only with sodium salicylate, this result is explained 
readily by the change in pH. 


In artificial intestinal fluid, the binding tendency of several pharma- 
ceuticals (benzoic acid, p-hydroxybenzoic acid, and sulfadiazine) ap- 
peared to be less pronounced as compared to the sorption behavior in an 
acidic environment. No significant differences were found in this respect 
with benzocaine, p-tert-butylphenol, propylparaben, acetaminophen, 
and resorcinol. The same is true for hexylresorcinol and tannic acid, which 
exhibited the strongest binding tendency irrespective of the medium 
PH. 


Cj 


a 0.2 _ _  
SORPTION CONSTANT, K,, liters/mole E 


Figure 5-Fraction of drug bound to Z as a function of the binding 
constant, K,, for various values of cp. 


As shown earlier, the degree of polymer to drug interaction is expressed 
by the value of the binding constant, K,. Not unexpectedly, the results 
of binding studies with soluble polyvinylpyrrolidone (12) point out close 
similarities with the present findings. Higuchi and Kuramoto (16) found 
no complexing between soluble polyvinylpyrrolidone and citric acid, 
benzylpenicillin, cortisone, procaine hydrochloride, caffeine, and theo- 
phylline (16). The latter three compounds were investigated in the 
present study and were found to be noninteracting with I. 


The affinity of other pharmaceuticals toward soluble polyvinylpyr- 
rolidone decreased in the following order: sulfathiazole > m-hydroxy- 
benzoic acid > p-hydroxybenzoic acid > p-aminobenzoic acid > salicylic 
acid > phenobarbital > benzoic acid > sodium salicylate > mandelic acid 
> chloramphenicol. These results again are in close agreement with the 
findings obtained with I. 


Particularly interesting is the similarity of experimental results ob- 
tained with soluble polyvinylpyrrolidone and I with hexylresorcinol. Polli 
and Frost (17) reported particularly strong binding between polyvinyl- 
pyrrolidone and this resorcinol derivative. However, this conspicuous 
molecular interaction was explained vaguely as a possible change of the 
spatial orientation of the polymer during the interaction. The analysis 
of the experimental data presented here, which is also valid for the in- 
teraction of hexylresorcinol with soluble polyvinylpyrrolidonel2, clearly 
indicates the significance of a cooperative interaction mechanism in the 
sorption process (Fig. 4). 


In the case of hexylresorcinol, binding to the polymer probably occurs 
not independently to single binding sites but preferably to the nearest 
neighbor binding sites, thereby inducing an aggregation of bound ligands. 
This peculiar mechanism of interaction (15) presumably is caused by 
hydrophobic interaction of the hexyl residues of nearest-neighbor ligands. 
In that way, the driving force of interaction, which is assumed to be 
dominated by hydrophilic hydrogen bonding in the case of resorcinol, 
is enhanced greatly. 


Evidence for both hydrophilic and hydrophobic effects on the binding 
of benzene derivatives to polyvinylpyrrolidone also was found by Moly- 
neux and Frank (18). In contrast to hexylresorcinol, however, the non- 
cooperative character of interaction was basically not altered, and the 
interaction constants were only gradually changed. Usually, the strength 
of interaction increases with increasing numbers of polar functional 
groups and with the extent of the hydrophobic part of the molecules. The 
distinct complexing tendency of tannic acid with polyvinylpyrrolidone 
is readily explained in these terms. 


The relevance of hydrogen bonding for the interaction with I is sug- 
gested by the well-known fact that phenolic compounds in general may 
form precipitates with soluble polyvinylpyrrolidone (19). Further evi- 
dence is offered by the observation that esterification of p-hydroxy- 
benzoic acid leads to a decrease in binding strength with polyvinylpyr- 
rolidone (20). 


Of practical importance is the extent to which pharmaceuticals with 
a measurable binding tendency are released from the bound state during 
GI passage. This process may be considered as a series of desorption steps 
since, during the passage, intestinal absorption of the released drug takes 
place continuously. The release process generally relates only to the small 
fraction of drug staying in the bound state. The bound fraction, ys, can 
be estimated by means of Fig. 5,  where y, is plotted as a function of the 
interaction constant, K , ,  for various solid to liquid ratios, 9. It follows 
that for the majority of pharmaceuticals investigated in the present study 
within wide limits of the polymer to drug ratio, the sorbed amount lies 
well below the 10% level. 
- ~ ~~~ ~ ~ 


D. Horn and W. Ditter, to be published. 
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Figure 6-Decrease of the initially sorbed amount of the drug as a 
function of the number of desorption steps, n, for various values of 
KN.  


Finally, theoretical desorption curves are shown in Fig. 6 and were 
calculated according to Eq. 13. The graph depicts the decrease of the 
initially sorbed amount of the drug as a function of the number of de- 
sorption steps for increasing values of KB(p. With regard to K ,  values on 
the order of 2-10 M-l,  indicating moderate binding (Table I) even when 
considering high values of cp (i.e., cp = 0.02), it follows from Fig. 6 that only 
a few desorption steps are necessary for complete release of the bound 
compound from the polymer. 


Presumably, with the exception of tannic acid and closely related 
compounds, the presence of the disintegrant should not interfere with 
GI absorption of the pharmaceutical. 
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Abstract 0 Novel activated ester-type prodrugs of aspirin were designed 
and synthesized. The methylthiomethyl, methylsulfinylmethyl, and 
methylsulfonylmethyl esters of aspirin (acetylsalicylic acid) were cleaved 
in uitro in plasma to form aspirin rather than the corresponding salicy- 
lates. In uiuo studies using dogs indicated that a t  least one aspirin de- 
rivative, methylsulfinylmethyl-2-acetoxybenzoate, is a true aspirin 
prodrug since aspirin was detected in the blood after prodrug adminis- 
tration. 


Keyphrases Aspirin-activated ester-type prodrugs of aspirin syn- 
thesized and evaluated for analgesia, in uiuo and in uitro studies 0 Pro- 
drugs, aspirin-activated ester-type prodrugs synthesized and evaluated 
for analgesic activity, in uitro and in uiuo studies 0 Analgesic activ- 
ity-activated ester-type prodrugs of aspirin, synthesized and evaluated 
for analgesia, in uitro and in uivo studies 


The GI side effects of aspirin (acetylsalicylic acid, I) are 
well known and documented (1). These side effects are 
associated with the free carboxylic group; thus, transient 
derivatives (prodrugs) and various formulations of I were 
prepared and tested in which the free carboxyl group was 
derivatized or bound. The results obtained were unsatis- 
factory due to the specific properties of I. The o-acetyloxyl 


group is rather labile. Extensive studies of the chemical 
hydrolysis (2-8) and in v i m  hydrolysis (9) demonstrated 
the facile conversion of I to salicylic acid (11). Although I1 
is also a potent anti-inflammatory agent, it was shown (10) 
that I is a far more potent analgesic and, thus, delivery to 
the bloodstream in the intact form is desirable. To achieve 
this, the carboxyl-protecting function must be cleaved 
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Abstract D Methods for the determination of flurbiprofen and ibuprofen 
in dog serum were developed using high-performance liquid chroma- 
tography arid automated serum extraction. Sample extraction was au- 
tomated by use of cartridges packed with a styrene-divinylbenzene 
macroreticu lar resin in a microprocessor-controlled centrifugal system. 
The average recoveries were 98.9% for flurbiprofen and 94.5% for ibu- 
profen. The limits of detection were -0.04 pg/ml for flurbiprofen at  254 
nm and 0.5 pg/ml for ibuprofen at  230 nm. The relative standard devia- 
tions for the determination of a laboratory standard between days was 
2.4% (20 pg/ml) for flurbiprofen and 1.7% (13 pg/ml) for ibuprofen. Peak 
height ratios were linear with concentrations of 0.04-100 pg/ml for flur- 
biprofen and 1.0-50 pg/ml for ibuprofen. These methods are simple, 
rapid, sensitive, and specific. The use of an automated sample preparation 
procedure improved the between-day precision by a factor of two when 
compared to a manual extraction procedure. These methods were applied 
to bioavaila bility studies in dogs. 


Keyphrases Flurbiprofen-determination in dog serum with auto- 
mated sample preparation Ibuprofen-determination in dog serum 
with automated sample preparation 0 Bioavailability-determination 
of flurbiprofen and ibuprofen in dog serum with automated sample 
preparation 


Flurbiprofen [cll-2-(2-fluoro-4-biphenylyl)propionic 
acid] and ibuprofen [dZ-2-(p-isobutylphenyl)propionic 
acid] are nonsteroidal anti-inflammatory drugs. Several 
gas chroniatographic (GC) procedures were previously 
developed for flurbiprofen (1) and ibuprofen (2-4). 
Methods using high-performance liquid chromatography 
(HPLC) were previously developed for ibuprofen (5,6) and 
similar compounds: indoprofen (7), ketoprofen (8) ,  and 
naproxen (8). To reduce the amount of labor and time in- 
volved in ]performing assays for flurbiprofen or ibuprofen 
in serum, an HPLC procedure using an automated sample 
processor ' was developed. The previously developed GC 
procedures use manual liquid-liquid sample preparations 
and derivatization prior to analysis. Sample extraction 
with the automated sample processor uses a liquid-solid 
extraction with a cartridge packed with a styrene-divin- 
ylbenzene macroreticular resin in a microprocessor-con- 
trolled centrifugal system, resulting in reduced analysis 
effort and improved assay precision. 


~ ~ ~~~ ~~ 


Prep I, Dupont Co, Wilmington, Del. 


EXPERIMENTAL 


Reagents and Materials-Reagents were of a t  least analytical reagent 
grade quality, and acetonitrile2 was distilled-in-glass grade. Stock solu- 
tions of flurbiprofen3 and ibuprofen3 were prepared in pH 7.2 phosphate 
buffer (0.05 M). 


Instrumentation-A variable-wavelength detectofl, a solvent pump5, 
and an autoinjector6 were used for the chromatographic analysis. Prep- 
aration of samples was performed with an automated sample pro- 
cessor. 


Chromatographic Conditions-Chromatography took place on a 
0.46-cm i.d. X 25-cm long column packed with octadecylsilane bonded 
to microparticulate silica7 (10 pm). The precolumn, 4.2 cm X 0.3-cm i.d., 
was packed with octadecylsilane bonded to microparticulate silicas (30 
pm). The mobile phase was acetonitrile-0.05 M acetic acid (40:60). 


The flow rate was 2.0 ml/min, the column temperature was ambient, 
and the column back-pressure was -1500 psi. The approximate retention 
times of flurbiprofen and ibuprofen were 14 and 19 min, respectively. 
Preliminary work was performed with the acetonitrile-water ratio a t  
50:50 and the flow rate a t  1.2 ml/min. The mobile phase was filtered and 
deaerated by vacuum sonication prior to use. 


Automated Extraction-The automated sample processor is de- 
signed to perform automatic extractions simultaneously of up to 12 liquid 
samples in 30 min or less. Centrifugal force is used to move solvents 
through an extraction resin bed. The system is composed of an inner 
rotor, which holds extraction columns, and a larger outer rotor, which 
holds the corresponding effluent and recovery cups. The extraction col- 
umn is comprised of a sample reservoir and a resin bed. The rotor first 
spins clockwise to force the sample through the resin bed. A predeter- 
mined amount of wash solvent is forced through the resin bed and into 
an effluent cup, In this manner, unwanted components are removed from 
the column. The rotor direction is then reversed so that the extraction 
column is positioned over the recovery cup. 


An aliquot of a second solvent elutes the component of interest and 
is collected in the recovery cup. If desired, the extract is then heated and 
blown to dryness. The dried extract is manually reconstituted and 
transferred to another instrument. Fifteen programs are currently 
available which vary timing, compartment temperature, and the option 
of sample evaporation. 


Assay Procedure-Blank serum spiked with 100 pl of flurbiprofen 
or ibuprofen solutions in 0.05 M phosphate buffer (pH 7.2) was used to 
prepare standards to obtain a calibration curve for each chromatographic 
run. One milliliter of blank or sample serum was pipetted into the car- 
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Table I-Effect of Mobile Phase p H  and Percent Acetonitrile on 
the Retention Times of Flurbiprofen and Ibuprofen (1.0 ml/min) 


J 


Retention Time of Retention Time of 
Acetonitrile, % pH Flurbiprofen, min Ibuprofen, min 


1 I I I I 1 


60 3 
55 3 
50 3 


4 


6.3 
6.9 
9.6 
7.8 


7.8 
8.7 


12.6 
11.1 


5 5.4 8.7 
40a 3 17.0 22.0 


a At 2.0 mllmin. 


tridges. Standard cartridges were spiked with the appropriate stock so- 
lution and were rotated to promote mixing. A 0.2-ml aliquot of 0.5 M 
H2S04 was added to each cartridge, which then was rotated to promote 
mixing. The cartridges were loaded into the automated sample processor. 
Water and methanol were added to the appropriate reservoirs in amounts 
sufficient to wash each cartridge with 1.0 ml of water and elute each 
cartridge with 2.0 ml of methanol. The addition of the washing and eluting 
solvents and the evaporation of the methanol by blowing air a t  50' over 
the aluminum recovery cups were performed by the automated sample 
processor. The dried contents of the recovery cups were dissolved in the 
mobile phase. To determine ibuprofen a t  10 pg/ml, the cups were re- 
constituted with 1 ml of mobile phase containing 6.0 pg of flurbiprofen/ml 
as the internal standard, and 0.2-ml aliquots of the reconstituted samples 
were chromatographed. In the determination of flurbiprofen, mobile 
phase containing ibuprofen was used to reconstitute the samples. 


Peak heights were measured for flurbiprofen and ibuprofen, and the 
peak heights for the analyte were divided by that of the internal standard. 
Linear least-squares fit of the peak height ratios was used to calculate 
the serum drug concentration. 


Drug  Administration-Male beagle dogs were fasted for 16 hr prior 
to dosing and for 4 hr after administration. Flurbiprofen and ibuprofen 
were dased as solutions of sodium salts (pH 7) in a hard gelatin capsule. 
For ibuprofen, 4 ml of a 20 mg/ml solution was administered to each dog; 
for flurbiprofen, 4 ml of a 12.5 mg/ml solution was administered. Blood 
was collected in 10-ml evacuation tubes and allowed to clot. Separated 
serum was stored a t  -18" prior to analysis. 


RESULTS AND DISCUSSION 


HPLC-For the determination of flurbiprofen in the 0.04-2-pg/ml 
range, a mobile phase of acetonitrile-0.1 M acetic acid (50:50) was used 
with UV detection at  254 nm. The effect of the mobile phase pH and 
percent acetonitrile on the retention times of flurbiprofen and ibuprofen 
&reshown in Table I. By using a low pH for the mobile phase, ion-pairing 
is not necessary for adequate retention of the two compounds. The rel- 
ative retention times of some metabolites of flurbiprofen are shown in 
Table 11, and all are well resolved from flurbiprofen as well as ibuprofen. 
The major metabolite in dogs is 4'-hydroxyflurbiprofen (9). At 254 nm, 
the molar absorbtivity of ibuprofen was only 1.2% that of flurbiprofen. 


T o  determine flurbiprofen above 10 pg/ml, the ibuprofen concentration 
needed to provide equivalent responses became quite large, and problems 
occurred with low ibuprofen recovery with the manual extraction pro- 
cedure. Therefore, UV absorbance was monitored a t  230 nm to optimize 
ibuprofen sensitivity and still have adequate sensitivity for flurbiprofen. 
However, a peak that eluted a t  approximately the same retention time 
as ibuprofen was observed, and the mgbile phase was changed to aceto- 
nitrile-0.05 M acetic acid in water (4060) a t  2.0 ml/min to separate this 
interfering peak from ibuprofen. A typical chromatogram of extracted 
blank serum and serum spiked with flurbiprofen and ibuprofen is shown 
in Fig. 1. 


Isolation of Flurbiprofen and Ibuprofen from Serum-Various 


Table 11-Relative Retention Times of Flurbiprofen, Ibuprofen, 
and  Flurbiprofen Metabolites 


Compound Relative Retention Time, min 


Flurbiprofen 
Ibuprofen 
2'-Hydroxyflurbiprofen 
4'-H ydroxyflurbiprofen 
3'-Hydroxsflurbiprofen 


1.0 
1.3 
0.56 
0.50 
0.53 


F 


I 


Figure 1-HPLC chromatograms of drug serum extracts. Key: left, 
serum sample without administration of drug; and right, serum sample 
containing flurbiprofen (F) (6.0 pg/ml) and ibuprofen (I) (10 pglml). 


methods for the isolation of flurbiprofen and ibuprofen from serum were 
investigated. Precipitation of serum proteins with acetonitrile followed 
by analysis of the supernate was suggested as an alternative method for 
serum sample preparation (7). However, for flurbiprofen and ibuprofen, 
very low recoverieg were obtained when this method was used, and the 
supernate contained a large amount of dissolved solids. Acidifying the 
serum before addition of acetonitrile improved recovery, but this ap- 
proach was discontintled because of problems with injecting large 
amounts of acid. An extraction procedure developed previously (1) was 
used, except that  toluene was substituted for benzene in the extraction, 
and the sample cleanup steps involving TLC were omitted. An automated 
sample extraction procedure was also developed and compared to the 
manual extraction procedure. 


T o  optimize the automated extraction procedure, several different 
eluting solvents were investigated and the amounts of wash solvent, and 
eluting solvent, and the acid added were varied. These experiments at- 
tempted to reduce the amount of insoluble material acquired in extrac- 
tion, to obtain quantitative recovery, and to minimize the number of 
extraneous peaks produced in the chromatogram. The more polar eluting 
solvents tended to yield cleaner reconstituted samples. The extent to 
which the serum was acidified influenced both flurbiprofen recovery and 
the number of extraneous peaks displayed in the chromatogram. Una- 
cidified serum yielded 37% recovery. One late-eluting peak was eliminated 
by reducing the amount of acid used from 250 to 200 pl. For each ex- 
traction column, the use of 1.0 ml of water (wash solvent), 2.0 ml of 
methanol (eluting solvent), and 200 pl of 0.5 M H&& produced the 
cleanest samples with the greatest recovery. 


Assay Linearity, Precision, and Accuracy-Linearity of peak height 
ratios with the concentration of flurhiprofen and ibuprofen was inves- 
tigated. Calibration curves prepared from serum spiked with the ap- 
propriate amounts of flurhiprofen or ibuprofen showed no significant 
deviation from linearity in the 0.04-100-pg/ml range for flurbiprofen and 
in the 1-200-pg/ml range for ibuprofen. Correlation coefficients for the 
fit of the experimental points to a line were between 0.998 and 1.000. The 
intercepts were not significantly different from zero in all cases, and no 
interferences from constituents in blank serum were found. 


The extraction efficiency was determined over the same ranges as those 
for the linearity, and the average recoveries were 98.9 f 3.3% and 94.5 f 
1.2% for flurbiprofen and ibuprofen, respectively. 


To investigate the precision of the extraction process, six runs with six 
samples each of a pooled serum sample containing 20 pg of flurbipro- 
fen/ml were prepared. The mean relative standard deviation of the ex- 
traction within the six samples was -1.8%. The relative standard devia- 
tion for different runs of the automated sample processor was -1.3%. 
Therefore, the extraction process was reproducible both within run and 
between run. This precision was obtained without adding the internal 
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HOURS AFTER ADMINISTRATION 


Figure 2-Auerage (f SD) serum ibuprofen concentrations i n  male 
beagle dogs i n  = 8, auerage weight 14.9 f 2.2 kg) after single oral ad- 
ministration of 80 mg of ibuprofen as a solution of the sodium salt. 


standard prior to extraction, thus reducing the number of steps required 
for the assay. 


The reproducibility of the entire assay was later demonstrated when 
a set of 300 samples was assayed in eight chromatographic runs of 16 hr 
each. The average of the laboratory standard (a pooled sample of serum) 
over the 8 days was 26.3 pglml, and the relative standard deviation was 
2.4%. The relative standard deviation of standards in the 5-100 pg/ml 
concentratiori range was 3.2-0.8%. The relative standard deviation of the 
slope was 4%. The reproducibility of the extraction from day to day was 
a considerable improvement over the manual extraction procedure, which 
typically had a 6.0% RSD for the laboratory standard. 


Assay Sensitivity-With a UV detector at  0.05 aufs, assay sensitivities 
based on a signal 2% of full scale were 1 and 2 pg/ml for flurbiprofen and 
ibuprofen, respectively, for a 0.06-ml injection from a reconstituted 
volume of 2 ml. When the dried extract was reconstituted in 1 ml and 0.2 
ml was injected, the sensitivity was improved to 0.5 Fg/ml for ibuprofen 
and to 0.2 pg/ml for flurbiprofen. Flurbiprofen can be determined a t  
levels as low as 0.04 pg/ml if a 254-nm detector is used because absorbance 
is a t  a maximum at 248 nm and a single-wavelength detector a t  254 nm 
has a higher signal to noise ratio than a variable-wavelength detector. 


Assay Problems-Only a few problems occurred using the automated 
sample processor. Occasionally, the flow of samples through the cartridge 
was too slow, and water was left a t  the top of the cartridge a t  the end of 


analysis. This can result from insoluble material in the sample plugging 
the cartridge and from the cartridge drying out and flow becoming too 
slow. The first problem can be solved by filtering the sample, and placing 
an expiration date on the cartridge minimizes the second problem. The 
incidence of these problems was infrequent (-1%). The cartridges can 
be prescreened for suitability by placing 1.0 ml of water in them and 
checking to see if all of the water flowed through the cartridge in <1 min 
under the conditions typically used to force the serum-buffer mixture 
through the cartridge. 


Another problem observed with ibuprofen was a change in recovery 
from 95 to 60% for one batch of cartridges when elution with 1 ml of 
methanol was used. The recovery between cartridges was still repro- 
ducible, with the assay variation being approximately the same for this 
lot as for other lots when 95% recovery was obtained. This finding is not 
surprising because of the reproducible manner in which the automated 
sample processor performs the extraction. For example, the relative 
standard deviation for the addition of eluting solvent to the cartridge was 
1.5%. This situation is analogous to the use of a segmented flow system 
in which transfer of the sample through the various steps may not yield 
100% recovery, but the recovery is reproducible from sample to sample. 
The reason for the dependence of recovery on the lot used involves the 
different elution properties of various lots of resin. If the standards are 
extracted with the same lot of cartridges as the samples, the change in 
recovery will not affect the quantitation unless the recovery becomes 
quite low. In this case, the detection limit and precision of the assay will 
be affected. The amount of methanol used for elution was changed to 2 
ml/cartridge to minimize this problem, and recovery then increased from 
60 to 86%. 


Se rum Levels in Dogs-The average serum concentration curve for 
the oral administration of 80 mg of ibuprofen is shown in Fig. 2. For 
ibuprofen, the average peak concentration was 29.4 pg/ml, the average 
time of individual peak occurrence was 1.5 hr, and the half-life calculated 
from the terminal slope was 2.8 hr. For flurbiprofen, the average peak 
concentration was 31.0 pg/ml, the average time of individual peak oc- 
currence was 2.2 hr, and the half-life calculated from the terminal slope 
was 35 hr. 


These methods are suitable for determining the pharmacokinetics of 
these two drugs and for evaluating drug availability from various dosage 
forms in dogs. 
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Table 11-Values of @, K ,  k, and Z 


Drug in 
Mixture, % # K k I 


40 48.6 0.1428 0.3307 -3.45 
20 46.5 0.1592 0.3442 -3.77 
10 44.5 0.1758 0.3566 -4.09 
0 38.4 0.2337 0.3918 -4.78 


where 61 is the maximum principal stress, # is the angle of internal fric- 
tion, and K is the coefficient of Rankine (5) as given by: 


1 - sin # 
1 + sin # K = -  (Eq. 6) 


Thus, A$ represents the probability of a packing change of the particles 
and is considered to be proportional to some quantities related to the state 
of packing in one of the several described manners. I t  was shown that 
various compression equations could be derived by making different 
assumptions about the properties that  determine A#. 


If A# is proportional to the decrease in porosity and inversely pro- 
portional to the mth  power of consolidation pressure, -dn/Pm, then: 


(Eq. 7) 


where Pis the consolidation pressure, m is a constant, and k is a function 
of the coefficient of Rankine. 


Equation 7, on rearrangement, gives: 


-dn = kP"-' dP (Eq. 8 )  


Integration of Eq. 8 from initial porosity no to porosity n ,  corresponding 
to the zero initial consolidation pressure to the consolidation pressure 
P ,  gives: 


k 
m n -no= --pm (Eq. 9) 


Equation 9 is similar to Eq. 4, which is the modified form of Eq. 1. 
Equations 4 and 9 suggest that  C is a function of (V /V , ) ( k /m) .  


A previous study (2) showed that, for different powder mixtures of the 
same drug, m was a constant. The value k is a function of the coefficient 
of Rankine K given by Eq. 6, and $ may be approximated from the angle 
of repose. 


For the powder mixtures containing drug, spray-dried lactose, starch, 
and magnesium stearate, the values of $, K ,  k ,  and In C are given in Table 
11. A plot of C uersus k gave a linear relationship with r = -0.9666. Figure 
5 gives a plot of In C uersus k .  The excellent correlation ( r  = -0.998) in- 
dicates that  In C is inversely proportional to k .  


Figure 6 gives a plot of VoIV- uersus C for the same powder mixture. 
A linear relationship ( r  = 0.9809) between Vo/V- uersus C suggests that 
these parameters are directly related. 


The results of this study suggest that  the consolidation ratio is a 
function of tensile strength and that both parameters are useful in 
studying flow behavior of powders and powder mixtures. The physical 
significance of the consolidation ratio was explored. The consolidation 
ratio is a function of the ratio of the initial volume to the net volume of 
the powder and of the coefficient of Rankine, which, in turn, is a function 
of the angle of internal friction in the static powder bed. 
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Abstract 0 A numerical index is proposed that ranks solvents according 
to their polarity. It is based entirely on structure, encoding the relative 
content of exterjacent electrons in the molecule. The index is the first- 
order valence molecular connectivity index, lx". The index is modified 
for the number of isolated functional groups in the molecule. A com- 
parison with solvent polarity indexes based on several experimental 
methods reveals a good relationship. The polarity index proposed can 
be quickly calculated, it does not depend on the availability of the actual 
molecule, and it permits prediction of solvent polarity or the polarity of 
mixtures. 


Keyphrases 0 Solvent polarity-quantitative method based on mo- 
lecular structure Polarity index-solvents, quantitative method based 
on molecular structure Molecular structure-quantitative method for 
ranking solvent polarity 


The term "solvent polarity" is widely used by chemists 
to characterize the observed manifestations of intermo- 
lecular interactions in a solution process. The processes 
may be chromatography, dissolution, or chemical reac- 
tions. The manifestations of the interactions are recorded 
as the separation or retention on stationary phases, the 
solubility, and the partitioning or reaction course and rate. 


Solvent polarity is a comparative term which the chemist 
uses intuitively to rank commonly employed compounds. 
This intuition, based on experience, permits the general- 
ization that hydrocarbons are less polar than esters while 
alcohols are more polar than esters of the same molecular 
weight. 


BACKGROUND 


The quantitation of solvent polarity is difficult in practice due to the 
variety of intermolecular forces that may operate between molecules in 
a given system. Much has been written about solution theory, but the 
forces influencing solvent-solute interactions can be summarized as those 
due to dispersion and dipolar and electron donor-acceptor properties 
(1). 


Dispersion forces account for virtually all of the attractive energy he- 
tween nonbonded atoms among hydrocarbons. These compounds are 
regarded as nonpolar when their solvent properties are characterized. 
Dipolar and electron donor-acceptor interactions influence the attractive 
energy among molecules possessing unsaturation or atoms other than 
carbon or hydrogen. Solvents possessing structures capable of these in- 
teractions are characterized as being polar. Thus, molecular structure 
governs solvent polarity, but this relationship has yet to be quantified 
in any simple way. 
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In contrast, several experimental observations have been used to 
construct a numerical ranking of solvent polarity. Hildebrand and Scott 
(2) reasoned that the molar heat of vaporization for the molar volume 
relates to the intermolecular interaction strength to give a value for a 
solubility parameter, 6. Since the derivation of this polarity parameter 
is based on the assumption of the dominance of dispersion forces, i t  is 
less accurate for more specific dipolar forces. 


Snyder (3) used the eluting power of solvents on stationary phases to 
arrive at  an eluent strength parameter, fa. The stationary phase is usually 
alumina, but other materials can be used with appropriate correction. 
Since the values for more polar solvents are quite close, the parameter 
is more discriminating for nonpolar solvents. 


Rohrschneider (4) introduced a scale in which the solvent polarity, P', 
is measured for GLC retention of butane and butadiene. The quality of 
the parameter increases with more polar solutes. 


A polarity index, Y ,  measuring the ionizing power of a solvent from the 
solvolysis rates of several compounds, was devised (5). The charge transfer 
band of 1-alkylpyridinium iodide complexes was used (6) as a measure 
of the solvent polarity, 2. Finally, the dielectric constant has been asso- 
ciated with molecular polarity. 


Each of these proposals is based on different sets of conditions and 
molecular behavior, although each is ultimately a function of molecular 
structure. This fact was recognized by Martin (7) who attempted the 
prediction of the chromatographic phase distribution of a molecule from 
structure fragment values. The method is limited to carefully defined 
functional groups. 


The value of a polarity index lies in its ability to predict the relative 
polarity of a solvent for which experimental data are not available. A 
second potential value lies in the ability of an index to predict the polarity 
of a mixture of solvents from their individual values. Thus, a wide range 
of solvent polarity could be achieved from various proportions of two 
solvents with desirable physical, chemical, and toxicological proper- 
ties. 


DERIVATION OF POLARITY INDEX FROM 
MOLECULAR STRUCTURE 


Structural  Influences-The structure of a molecule governs all 
physical and chemical phenomena. The solvent characteristics of a 
molecule depend on intermolecular interactions which, in turn, are de- 
pendent on structure. The generalization can be made that molecules 
classified as nonpolar according to any of the stated methods are mole- 
cules that possess few, if any, polar groups or bonds. Nonpolar molecules 
are distinguished by the absence of unsaturation or lone-pair electrons. 
Thus, pentane is universally regarded as nonpolar. I t  has only C-H and 
C-C bonds, which are devoid of electrons not axially directed between 
nuclei. In contrast, ether, with virtually the same molecular weight, is 
more polar. Ether has two lone pairs of electrons on the oxygen atom. 


Similar comparisons between hexane and pentanol, cyclohexane and 
benzene, and methyl ethyl ketone and methyl acetate present the case 
that molecules, of about the same molecular weight, with K and lone-pair 
electrons are more polar than those without them. This observation is 
not surprising since lone-pair electrons create significant dipoles capable 
of intermolecular interactions associated with polar solvents. The task 
then is to encode this structural information into a molecular index that 
will quantify solvent polarity from a purely structural basis. 


Calculation of Polarity Index-The presence of A and lone-pair 
electrons on an atom in its valence state was shown (8) to be encoded into 
the connectivity delta values, 6 and 6". These connectivity deltas are not 
to be confused with the Hildebrand-Scott polarity index (2). The valence 
delta, 6", is assigned to an atom in its valence state according to the re- 
lationship 6" = Z" - h, where Z" is the count of valence electrons and 
h is the count of bonded hydrogen atoms. For atoms beyond the second 
quantum level, the expression 6" = (Z" - h ) / ( Z  - Z") ,  where Z is the 
atomic number, is used (9). The simple delta value, 6, is a count of all 
bonded atoms except hydrogen. I t  can be expressed as 6 = u - h ,  where 
u is a count of all u electrons on the a tom 


Since: 


6" = Zu - h (Eq. l a )  


then: 


6" = u + p  + n - h (Eq. l b )  


where p is a count of K electrons and n is a count of lone-pair elec- 
trons. 


Table  I-Exterjacent Electrons versus ( I x  - ' x  ") 


Exterjacent 
Molecule 'X 'XU Alx Electrons 


C H ~ C H Z C H ~ C H ~ C H ~  2.414 2.414 0.0 0 
C H ~ C H ~ C H Z C H Z N H ~  2.414 2.115 0.299 2 
C H X H ~ H X H V O H  2.414 2.023 0.391 4 
CH&H;OCHzCH3 2.414 1.992 0.422 4 
CHXHaCH?CH=O 2.414 1.851 0.563 6 
HOEH&H&H2NHz 2.414 1.724 0.690 6 
HOCHzCHzCHzOH 2.414 1.632 0.782 8 
HOCH2CH&H=O 2.414 1.460 0.954 10 
O=CHCHCH=O 2.414 1.288 1.126 12 


I t  follows that: 


6" - 6 = u + p + n - h - u + h (Eq. 2a) 


6 " - 6 =  P + n  0%. 2b) 


The count of A and lone-pair electrons, called exterjacent electrons (8), 
is encoded in 6" - 6. 


By using these delta values assigned to each atom in a molecule, two 
molecular connectivity indexes are calculated by: 


'x = 2(6,6,)-"2 (Eq. 3a)  


1 x " - - 2(6,6,) u u -112 (Eq. 3b)  


where i and j are each pair of bonded atoms and the summation is over 
the entire molecule. 


The exterjacency on an atom, enumerated by 6" - 6, can be encoded 
for the molecule by 'x - lx". The subtraction of x indexes is inverted 
since the reciprocal of the delta values is used in computing the molecular 
connectivity indexes. Kier and Hall (8) showed a derivation of the indexes 
from physical principles. 


The effect on the calculated value of 'x - lx" due to an increase of 
exterjacent electrons in a molecule is illustrated in Table I. With in- 
creasing numbers of exterjacent electrons in molecules in this series, the 
value of lxU for the molecule decreases. For this series with a constant 
'x value, 'x - 'xu increases down the list. 


In this series with a constant 1x value, the 'x - lx" value increases as 
the molecules increase in polarity. For molecules in an homologous series, 
for example the n-alkanols, the solvent polarity decreases with increasing 
size; however, the value of 'x - lx" for such a series remains constant. 
To account for this effect, the use of 'x - IxU to reflect solvent polarity 
must be modified by a term describing increasing molecular weight. This 
can be accomplished by diminishing the value of 'x - lxu by lx, which 
increases with size in an homologous series. 


The index reflecting polarity thus may be described as: 


polarity = lX - l X U  - lX = -lxU (Eq. 4) 


To restate this relationship, it is proposed that solvent polarity is inversely 
related to 'xu. Table I1 shows the calculated values of lx" for common 
solvents, Also included are other polarity indexes, f0(A1203), 6, and P', 
as well as the octanol-water partition coefficient, dielectric constant, and 
water solubility. 


Functional Group Number Weighting-A number of molecules in, 
Table 11, such as ethylene glycol and dioxane, possess two isolated 
functional groups. These solvents are more polar than their monofunc- 
tional counterparts of about equal molecular weight, propanol and pyran. 
The two functional groups may be regarded as having twice the oppor- 
tunity or probability of engaging in dipolar or electron donor-acceptor 
interactions with a solute. 


For purposes of defining this solvent polarity index, a functional group 
is defined as an ensemble of atoms with exterjacent electrons that engage, 
as a unit, in essentially a single type of intermolecular interaction. Thus, 
the two oxygens and the carbon atom of an ester group constitute a 
functional group in this definition. Similarly, the three atoms of a nitro 
group represent one functional group in nitrobenzene. The six carbon 
A electrons of the benzene ring also constitute a discrete functional group 
that acts in concert with the nitro group. Thus, nitrobenzene has two 
functional groups. 


A nitrogen atom in pyridine participates in the T-electron annulus and 
contributes to van der Waals interaction. The nitrogen also may partic- 
ipate in hydrogen bonding through the lone-pair electrons. Thus, pyridine 
has two functional groups by this definition. T o  account for this, it is 
proposed that the calculated lx" value be divided by a factor, /, describing 
the number of discrete, isolated functional groups. This method was 


Journal of Pharmaceutical Sciences I 931 
Vol. 70, No. 8, August 1981 







Table 11-Ranking of Solvent Polarity Using ' x  "/f Index 


Hildebrand- Octanol-Water Dielectric Water Solubility f ,  


Molecule ' x " / f  p'" Scott 6 b  €'(A1203) log Pd Constant g/lOO g 


C yclohexane 3.000 0.0 8.2 0.04 3.44 2.0 0.01 
Hexane 2.914 0.0 7.3 0.01 - 1.9 Insoluble 
Isopropyl ether 2.781 2.2 7.0 0.28 - 3.9 - 
C hlorobenzene 2.508 2.7 9.6 0.30 2.46 5.6 0.05 
Toluene 2.411 2.3 8.9 0.29 2.80 2.4 0.05 
Carbon tetrachloride 2.390 1.7 8.6 0.18 2.72 2.2 0.08 
Ethylene dichloride 2.190 3.7 9.7 0.49 1.48 10.4 - 
Chloroform 2.070 4.4 9.1 0.40 1.97 4.8 0.82 
Butanol 2.023 3.9 11.3 - 0.88 12.5 7.45 
Benzene 2.000 3.0 9.2 0.32 2.13 2.3 0.18 
Ether 1.992 2.9 7.6 0.38 0.80 4.3 6 
Ethyl acetate 1.904 4.3 8.6 0.58 0.70 6.0 8.1 
Methyl ethyl ketone 1.765 4.5 9.3 0.51 0.27 18.5 24 
Methylene chloride 1.690 3.4 9.6 0.42 1.25 8.9 1.3 
Propanol 1.523 3.9 10.2 0.82 0.30 20.3 W 


Carbon disulfide 1.414 1.0 10.0 0.15 - 2.6 0.29 


Tetrahydrofuran 2.077 4.2 9.1 0.45 0.73 7.6 m 


Isopropanol 1.413 4.2 10.2 0.82 0.05 19.9 m 
Dimethylformamide 1.388 - 11.5 - -1.01 36.7 m 
Methyl acetate 1.316 - 9.2 0.60 0.30 6.7 - 
Nitrobenzene 1.250 4.5 11.1 - 1.85 34.8 0.19 


Benzonitrile 1.192 4.6 10.7 - 1.56 - - 
a-Picoline 1.135 4.8 - 
Dioxane 1.073 4.8 9.8 0.56 -0.35 2.2 W 


Ethanol 1.023 5.2 11.2 0.88 -0.30 24.6 m 
Acetic acid 0.928 6.2 12.4 1.00 -0.25 6.2 W 


Pyridine 0.925 5.3 10.4 0.71 0.65 12.4 co 
Nitromethane 0.812 6.8 11.0 0.64 -0.34 35.9 11.1 
Methoxyethanol 0.757 5.7 - - -0.77 16.9 W 


Acetonitrile 0.724 6.2 11.8 0.65 -0.34 37.5 W 


Ethanolamine 0.678 - 13.5 - -1.31 - W 


Methanol 0.447 6.6 12.9 0.95 -0.65 32.7 m 


Acetone 1.204 5.4 9.4 0.56 -0.24 20.7 m 


- - - W 


Formamide 0.569 7.3 17.9 - - 109 m 
Ethylene glycol 0.566 5.4 13.5 1.11 -1.93 37.7 m 


Water 0.0 9.0 21 - -1.38 80.2 m 


Reference 4. Reference 2. Reference 3. C. Hansch and A. Leo, "Suhstituent Constants for Correlation Analysis in Chemistry and Biology," Wiley, New York, 
"CRC Handbook of Chemistry and Physics," R. C. Weast and M. J. Astle, Eds., CRC Press, Boca Raton, Fla., 1979, E-56. f "Vogels' Textbook of Practical N.Y., 1979. 


Organic Chemistry," 4th ed., B. S. Furniss, A. J. Hannaford, V. Rogers, P. Smith, and A. R. Tatchell, Eds., Longman Press, London, England, 1978, p. 1302. 


applied to nitrobenzene, benzonitrile, a-picoline, dioxane, pyridine, 
methoxyethanol, ethanolamine, and ethylene glycol (Table 11). 


The exception to this rule is the case where one or more halogen atoms 
is present on different carbon atoms, i .e . ,  ethylene dichloride. Chlorine 
does not make a significant contribution to a molecule in terms of en- 
hancing its solvent polarity. Aryl and alkyl halides are classified among 
the more nonpolar solvents, ie., carbon tetrachloride, chlorobenzene, 
etc. Thus, the value of 'xu computed for a halogen-containing molecule 
would be used unmodified. 


Table I1 lists 36 of the more common solvents, ranked according to 
increasing solvent polarity computed as a diminishing value of 'x" / f .  This 
polarity index, based solely on molecular structure, can be compared with 
the experimental polarity indexes derived by several methods. In addi- 
tion, the table lists physical properties associated with solution phe- 
nomena. Several observations emerge from comparisons of these in- 
dexes. 


DISCUSSION 


The diminishing value of 1xu/f, associated with increasing solvent 
polarity, parallels the increase in the values of P', 6,  and t0(A1203), with 
the P' values having perhaps the best correlation. Each of these experi- 
mentally derived polarity indexes is based on different experimental 
methods; thus, a close correlation is not expected among them or with 
'x" / f .  Nevertheless, for a broad definition of solvent polarity, ' x " / f  
performs quite well in comparison. The distinct advantage of using ' xu / f  
as a solvent polarity index is the fact that  i t  is based exclusively on 
structure, so it is nonempirical. It can be computed quickly and simply 
for any molecule, including those that may not be available. 


The physical properties in Table I1 correlate fairly well with 'x ' / f .  The 
aqueous solubility is minimal for molecules with ' xu / f  values above 2.0, 
intermediate for 'x" / f  values of 1.5-2.0, and miscible for practically all 
molecules with ' xu / f  values of <--1.5. 


There are exceptions to these observations, but generally the calculated 
' xu / f  index ranks the molecules according to solvent polarity as well as 
any of the experimental indexes, the advantage clearly being in the purely 


structural basis for the calculation. 
An additional application of the 'x" / f  solvent polarity index is obvious 


when binary solvent mixtures are considered. If it is assumed that when 
two nonreacting solvents are mixed the solvent polarity is an average of 
their polarities, weighted by their mole fractions, then it should be pos- 
sible to calculate the solvent polarity of any mixture or, conversely, to 
design a solvent mixture with a specific solvent polarity. This latter course 
often is desirable when one solvent may possess unfavorable physical, 
chemical, or toxicological properties. 


As an example, ether may have optimum solvent polarity for a par- 
ticular application; however, its volatility and flammability preclude its 
use from safety considerations. It is desirable to reproduce approximately 
the ' x " / f  = 1.992 ether polarity with a mixture of two solvents. Calcula- 
tions show that a 1:1 mixture of toluene and propanol has a 'x" / f  value 
of 1.967, while a 2:l mixture of methyl ethyl ketone and chlorobenzene 
has a ' x " / f  value of 1.973. 


Other applications of the index include the basis of selection of a rel- 
atively nonpolar solvent that  is heavier or lighter than water or miscible, 
all with about the same polarity. Chloroform, butanol, and tetrahydro- 
furan, respectively, meet these specific criteria. 


Finally, the index will prove useful in estimating the polarity of a 
molecule not commonly considered as a solvent or perhaps a polymeric 
structure such as the polyethers. Thus, the ' x  " / f  values lead to polarity 
rankings for some additional liquids: methylformamide, 1.024; diethylene 
glycol, 0.737; dimethoxy polyethylene glycol, ' x  " / f  approaches a limit 
of 1.10 with increasing size; morpholine, 1.142; various fluorinated eth- 
anols, 0.0-0.5; glycerol, 0.569; and aniline, 1.100. 
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Abstract With the use of Corey-Pauling-Koltun space-filling models, 
measurements of defined parameters (x, y ,  and z )  were made of the R 
groups in a large number of carbosulfamates, RNHSO;. The correlation 
between sweet and nonsweet sulfamates and the defined parameters for 
R is good. As a test, 12 new carbosulfamates were synthesized and tasted. 
The predictions of their sweetness or nonsweetness based on the corre- 
lation were >90% correct. T o  elicit a sweet taste, the R group of the sul- 
famate should have x 2 5.2 8, and 57.2 A and V ( i e . ,  xyz )  1250A3 and 
probably 190  A3. The receptor site is seen (as for aspartame) as a rather 
narrow cleft into which R has to fit “properly” or be “locked” so that the 
AH,B mechanism for initiating the sweet stimulae can operate. Possible 
applications of this approach are Indicated. 


Keyphrases Sweeteners-structure-activity analysis of sulfamates, 
the role of R side chains Sulfamates-sweeteners, structure-activity 
analysis, the role of R side chains Structure-activity relationships-the 
role of R side chain on sulfamate sweeteners 


Synthetic studies of alternative sweeteners have been 
given impetus since the ban on cyclamates in 1970 and the 
apparently unresolved question of the toxicity of saccharin, 
the only synthetic sweetener presently used worldwide. 
These studies, aimed a t  the design of new synthetic 
sweeteners and a fuller understanding of sweetness, have 
led to the establishment of structure-taste relationships 
for some classes of alternative sweeteners (1-3). 


Most workers have concentrated on the development 
of intraclass structure-taste relationships since there is 
good evidence that  different classes of sweeteners act by 
binding a t  different receptor sites in the taste buds of the 
tongue (4). Thus, structure-taste information from one 
class is not transferable to another class. 


BACKGROUND 


The structure-activity relationships of sulfamate sweeteners were 
reviewed in Part  I of this study ( 5 ) .  Other investigators (6, 7), using 
Corey-Pauling-Koltun (CPK) space-filling atomic models, showed that 
the best NHSO, group conformation for sweet taste stimulation involved 
an angle (8 )  of 60’ between the N-H and S-0 bonds. The necessity of 
maintaining this optimal 60” torsional angle for sweetness explains why 
substitution of an a-hydrogen by an alkyl group at C-1 of an alicyclic ring 
or aliphatic chain destroys sweetness. Similarly, the lack of sweetness 
of phenylsulfamate is ascribed to steric hindrance due to an ortho- hy- 
drogen of the phenyl ring forcing the aminosulfonate group to adopt a 
conformation with 8 = 0”. 


Pautet and Nofre (6) measured the lengths of various R groups in 
RNHSO, and found that for sweetness, R should lie between 5knd 7 A. 
In their second paper (7), they suggested, on the basis of a few measure- 


ments, that R should have a “half-width” of <4 .&. While this approach 
is satisfactory for simpler aliphatic and alicyclic systems, it appeared to 
us to be inadequate for various substituted systems for several rea- 
sons: 


1. Taste response is a function of the size, shape, and functionality of 
a molecule, i .e.,  taste response = f(size, shape, functionality), and any 
assessment of size and shape should take into account the three-dimen- 
sional structure and conformation of the molecule. 


2. Several molecules whose R groups have dimensions falling within 
the limits given by Pautet and Nofre (6,7) were prepared (and tasted for 
sweetness), and it was found that they are not sweet (Table I, Compounds 
15, 18,47, and 49). 


In the present work, 12 new sulfamates were synthesized. With the use 
of CPK space-filling models, measurements were taken on these and 
other sulfamates reported (and tasted) previously. A good correlation 
existed between sweethonsweet sulfamates and the defined parameters 
for R, so it is possible to predict whether unknown sulfamates will be 
sweet. Predictions based on the correlation were >90% correct for the 12 
sulfamates synthesized. 


RESULTS AND DISCUSSION 


Measurements were carried out on all known carbosulfamates for which 
taste data were available. Only those sulfamates whose lack of sweetness 
could be ascribed to a distortion of the angle 0 from 60”, e.g., those sub- 
stituted at C-1 of a chain or a bridgehead (6,7), were excluded. 


Parameters x ,  y ,  and z were defined and measured for each R group; 
from these values, a measure of the size or three-dimensional structure 
( V )  of R is obtained from the product xyz (see Experimental). 


Table I lists the sulfamates on which measurements were made. The 
x, y ,  z ,  and V parameters are given together with the literature references. 
The compourids are listed (Table I) in certain convenient groupings, e.g., 
straight chain, branched, and increasing ring size. 


In Fig. 1, a plot of x (the “length” of R) against V was made using the 
data for the previously reported sulfamates in Table I. The sulfamates 
synthesized in the present work (Compounds 15,18,20,21,35,41,43, and 
4549)  and those about which predictions were made (Compounds 26-28) 
were excluded. Figure 1 reveals that  nearly all of the sweet sulfamates 
fall into a rectangle (Fig. 1A) whose boundaries are reasonably well de- 
fined on three sides, being -5.2 and -7.2 A on the x axis and -250 A3 on 
the V axis. The fourth boundary appears to be 590  A3 on the V axis. 
Almost all of the sulfamates lying outside A are not sweet. Some bitter 
or faintly sweet sulfamates lie a t  or near one of the three defined 
boundaries. 


Of the 12 sulfamates synthesized, it could be predicted on the basis of 
Table I and Fig. 1 that 10 of them would not be sweet and two of them 
would be sweet ( i e . ,  Compounds 46 and 48). Tasting indicated that these 
predictions were correct in 11 cases. The one exception was the apo- 
camphane compound (Compound 48), which was bitter. All 12  com- 
pounds are shown in Fig. 2. Compound 48 might have been excluded since 
it is an example of a C-1 substituted sulfamate and, therefore, would not 
be expected to be sweet due to distortion of the angle 0 from 60”. How- 
ever, it is included because it is bitter and it does lie on a boundary. 
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than that of the washed portion, and the rate of loss of acid reactivity 
during aging was also reduced. This behavior confirms the strong stabi- 
lizing effect of anions (23). However, the unwashed portion that was 
precipitated in the presence of a molar ratio of 1.5 M mannitol per 
equivalent aluminum oxide showed the smallest decrease in the rate of 
acid neutralization during aging. The interaction between polyols and 
aluminum hydroxide gel apparently is too weak to recommend the in- 
corporation of mannitol or sorbitol in the reaction medium. However, 
the results suggest the addition of mannitol or sorbitol immediately after 
washing. 
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Abstract Thirty-two male and female volunteers, 24-84 years of age, 
ingested single 30-mg doses of temazepam, a 3-hydroxy-1,4-benzodi- 
azepine derivative used as a hypnotic agent. Kinetics of total and un- 
bound temazepam were determined from multiple plasma temazepam 
concentrations measured during 48 hr after the dose. The temazepam 
elimination half-life ranged from 8 to 38 hr and was longer in women than 
in men (16.8 versus 12.3 hr, p < 0.05). Likewise, clearance of total 
temazepam (assuming complete absorption) was higher in men than in 
women (1.35 versus 1.02 ml/minkg, p < 0.025). Neither half-life nor 
clearance was significantly related to age. The volume of distribution of 
total temazepam (mean 1.40 literskg) was unrelated to age or gender. 
Temazepam was extensively protein bound, with a mean free fraction 
of 2.6% (range 1.7-3.4%). The free fraction increased with age ( r  = 0.45, 
p = 0.01), partly due to the inverse relation of the free fraction to plasma 
albumin concentration (r = -0.34, p = 0.06) and the age-related decline 
in plasma albumin ( r  = -0.49, p < 0.005). After correction for individual 
differences in binding, clearance of unbound temazepam in men was 
higher than in women (50.5 versus 39.7 ml/min/kg, 0.05 < p < O.l), and 
it tended to decline with age in both sexes (r  = -0.44 and -0.43, re- 
spectively, p = 0.1). 


Keyphrases Temazepam-effect of age and gender on disposition and 
elimination Tranquilizers-temazepam, effect of age and gender on 
disposition and elimination 0 Hypnotics-temazepam, effect of age and 
gender on disposition and elimination 


Temazepam (I) is a 3-hydroxy-1,4-benzodiazepine de- 
rivative used as a hypnotic agent. The major metabolic 
pathway of temazepam in humans involves conjugation 


I 


with glucuronic acid a t  position 3, yielding a water-soluble 
glucuronide metabolite that is excreted in the urine (1). 
Since the aging process may alter drug pharmacokinetics, 
this study was undertaken to assess the disposition and 
elimination of temazepam in young and elderly volun- 
teers. 


EXPERIMENTAL 


Subjects-Thirty-two healthy male and female volunteers, 24-84 
years of age, participated after giving written informed consent. They 
were divided into four groups of young male, young female, elderly male, 
and elderly female subjects (Table I). All young subjects were free of any 
identifiable medical disease and were taking no medications. Elderly 
individuals were ambulatory, active, and in general good health. Five 
elderly subjects were taking medications for the treatment of cardio- 
vascular disease that was clinically stable and compensated. 
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Table I-Subject Characteristics and Pharmacokinetics of Temazepam 


Parameter 


Mean Values (Range) 
Young Male Young Female Elderly Male Elderly Female 


(n = 7) (n = 7) (n = 8) (n = 10) 


Subject characteristics 
Age, years 


Weight, kg 


Smoking, cigarettedday 


Albumin, g/100 ml 


Peak plasma temazepam concentration, ng/ml 


Weight-normalized peak concentration, pg /ml x kg 


Time of peak concentration, hours after dose 


Ehina t ion  half-life, hr 


Volume of distribution, literskg 


Clearance, ml/min/kg 


Free fraction, % 


Unbound v d ,  litersntg 


Unbound clearance, ml/min/kg 


Kinetics of total (free plus bound) temazepam 


Kinetics of unbound temazepam 


29.0 


71.4 
(63.6-79.5) 


8.2 
(0-20) 
4.70 


( 4.5-4.9 


(24-39) 


430.0 
(293-585) 


30.3 


(21.4-38.6) 
2.18 


(0.75-4.0) 
12.8 


(9.4-23.3) 
1.53 


1.36 
(0.82-1.72) 


2.54 
(1.66-4.18) 


(32.2-168.7) 


(37.2-83.7) 


(0.67-2.8) 


68.0 


57.2 


29.7 


61.4 
(52.7-70.5) 


8.4 
(0-28) 
4.5 


(28-33) 


(3.8-5.3) 


483.0 
(359-754) 


29.4 


(22.8-45.3) 
2.75 


(0.75-4.0) 
16.2 


(10.1-25.3) 
1.40 


(1.20-1.76) 
1.10 


(0.59-1.54) 


2.30 
(1.74-2.93) 


(46.7-81.6) 


(27.4-70.1) 


61.5 


46.8 


69.1 


77.2 


0 


4.1O 


(60.0-76.0) 


64.5-90.9) 


(3.6-4.7) 


371.0 
(222-687) 


28.5 
(15.9-56.2) 


(0.75-4.0) 
11.9 


1.84 


(8.3-14.2) 


(0.89-2.08) 


(0.73-2.45) 


1.32 


1.35 


3.12 
(2.25-3.89) 


43.2 


44.7 
(23.7-65.4) 


(19.8-81.7) 


69.8 
(62.0-84.0) 


61.8 
(52.7-75.0) 


5.0 
(0-20) 
4.3 


(3.7-4.8) 


409.0 
(251-610) 


25.0 
(13.2-32.5) 


4.65 
(1.0-12.0) 


(8.9-37.9) 
1.39 


0.97 
(0.70-1.48) 


2.75 
(2.21-3.40) 


50.8 
(30.8-91.3) 


35.4 
(24.0-45.1) 


17.2 


(0.68-2.30) 


a p < 0.005 for young uersus elderly of the same sex. 


Procedure-After an overnight fast, subjects ingested a single 30-mg 
capsule of temazepam' with 100-200 ml of tap water. They remained 
fasting until 3 hr after drug ingestion. Venous blood samples were drawn 
into heparinized tubes from an indwelling butterfly cannula (kept patent 
by flushing with dilute heparin solution) or by venipuncture prior to the 
dose and at  the following postdosage times: 0.25,0.5,0.75,1.0,1.5,2,2.5, 
3,4,6,8,12, 24,30,36, and 48 hr. Plasma was separated and stored at  
-20' until the time of assay. 


Sample Analysis-Temazepam concentrations in all plasma samples 
were determined by electron-capture GLC after addition of a benzodi- 
azepine analog (3-hydroxyprazepam) as the internal standard (2). 


The free fraction (percent unbound) was determined by equilibrium 
dialysis a t  37O (3) of a single sample drawn in the nonfasting state. Since 
heparin may influence the free fraction of benzodiazepines, no subject 
received heparin systemically for a t  least 24 hr prior to sampling. Du- 
plicate 2-ml plasma samples were spiked to contain 500 ng/ml of unla- 
beled temazepam and 20 nCi/ml of tritiated temazepam (62.5 pCi/mg). 
The radioactivity was determined in a liquid scintillation counter2. The 
mean coefficient of variation between duplicate samples was <6%. 
Binding was independent of the total plasma temazepam concentration 
over a range of 160-4160 ng/ml. 


Pharmacokinetic and Statistical Analysis-Each set of data points 
was analyzed by iterative nonlinear least-squares regression techniques 
(4). Data points were fitted to the following two functions: 


C = B(e-Bt - e - k d )  (Eq. 1) 


C = - (A  + B)e-kat + Ae-at + Be-Bt (Eq. 2) 


where C is the plasma temazepam concentration at time t after dosage; 
A and B are hybrid intercept terms; and k,, a, and /3 are hybrid exponents 
representing phases of drug absorption, distribution, and elimination, 
respectively. When necessary, both equations were modified by addition 
of a lag time prior to the start of first-order absorption. The choice be- 
tween Eqs. 1 and 2 as functions of best fit was determined by scatter of 
actual data points about the fitted function and by comparison of 
weighted residual errors (5) .  


The hybrid exponent p was used to calculate the apparent elimination 
half-life (tlm). The area under the 48-hr plasma concentration curve was 


Restoril, Sandoz, East Hanover, N.J. * Beckman Instruments. 


calculated using the trapezoidal rule; to this value was added the ex- 
trapolated residual area from the final concentration point to infinity, 
yielding the total area under the plasma concentration curve (AUC). The 
extrapolated area accounted for an average of 9.8% (range 2.&36.8%) of 
the total AUC. 


When neither Eq. 1 nor 2 provided an adequate tit of the data, t l l ~  was 
calculated using the terminal log-linear portion of the plasma concen- 
tration curve. The total AUC was calculated as described. 


Although absolute bioavailability of temazepam is not known, previous 
studies of lorazepam, a structurally similar 3-hydroxy-1,4-benzodi- 
azepine derivative, indicated that absolute systemic availability of orally 
administered drug is close to 100% (6,7). Accordingly, it was assumed that 
the entire 30-mg temazepam dose reached the systemic circulation (10070 
bioavailability). Total clearance was calculated as the administered dose 
divided by the AUC, and the apparent volume of distribution ( v d )  using 
the area method was calculated as total clearance divided by B. The 
volume of distribution and clearance of unbound temazepam were cal- 
culated as the quotient of total v d  or clearance divided by the unbound 
fraction. 


RESULTS 


Peak plasma temazepam concentrations ranged from 222 to 754 ng/ml. 
Peak concentrations were not significantly influenced by age, although 
they tended to be higher in women then in men and lower in elderly than 
in young of both sexes (Table I). After normalization for weight, peak 
plasma concentrations were similar among groups. Temazepam was 
slowly absorbed, with the time of peak concentrations ranging from 0.75 
to 12.0 hr after dosage. The mean time of peak concentration among the 
four groups ranged from 1.8 to 4.7 hr after dosage and was not signifi- 
cantly influenced by age or gender. Iterative analysis provided satisfac- 
tory solutions in only 11 of the 32 subjects (Fig. 1). 


The v d  value for temazepam ranged from 0.7 to 2.3 liters'/kg. Mean 
values for the four groups (1.32-1.53 literskg) were very close regardless 
of age or sex. 


Within sexes, age was not significantly related to temazepam half-life 
or clearance (Figs. 2 and 3). However, t l /z f i  was significantly longer in 
women (mean 16.8 hr) than in men (12.3 hr) regardless of age ( p  < 0.05). 
Likewise, clearance of total temazepam was lower in women than in men 
regardless of age (1.02 uersus 1.35 ml/min/kg, p < 0.025). 


The free fraction of temazepam ranged from 1.67 to 4.18% and in- 
creased significantly withage (I = 0.45, p < 0.02) (Fig. 4). Elderly of both 
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Figure 1-Plasma temazepam concentrations in two representative 
subjects who displayed first-order absorption. Solid lines are phar- 
macokinetic functions determined by nonlinear least-squares regression 
analysis. 
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Figure 3-Relation of age to clearance of total temazepam in males and 
females. Key: m, male (r = -0.04); and 0, female (r = -0.23). 


sexes had a higher free fraction than did the young subjects. The in- 
creased free fraction of temazepam in the elderly was partly explained 
by plasma albumin concentrations, which declined significantly with age 
(r  = -0.49, p < 0.01). 


Values of unbound v d  were lower in the elderly than in the young 
subjects of both sexes, but the differences were not significant (Table I). 
Clearance of unbound temazepam declined with age in both sexes (Table 
I and Fig. 5), although differences did not reach statistical significance. 
As in the case of clearance of total temazepam, unbound clearance was 
higher in men than in women (50.5 versus 39.7 ml/min/kg, 0.05 < p < 
0.1). 


DISCUSSION 


Previous studies with benzodiazepines that undergo oxidative bio- 
transformation (such as chlordiazepoxide, diazepam, and desmethyldi- 
azepam) suggest that metabolic clearance may be impaired among the 
elderly, particularly in elderly males (8-13). However, for benzodiazepines 
that undergo glucuronide conjugation (such as oxazepam and lorazepam), 
the aging process has minimal, if any, effect on metabolic disposition (6, 


In the present study, the absorption of temazepam from the GI tract 
was relatively slow. The time of peak concentration averaged 3 hr after 
dosage and was not significantly influenced by age or sex. 
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Figure 4-Relation of age to temazepam protein binding in males and 
females. Key: ., male (r = 0.53); and 0, female (r = 0.43). 
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The apparent elimination half-life of temazepam was somewhat longer 
than suggested by previous reports (17,18). The mean value of tl/w was 
14.7 hr (range of 8-38 hr). Women had longer tllzg times than men re- 
gardless of age. An essentially identical relation of gender to t1/2,q was 
observed in a previous study of oxazepam (16). 


The relation of clearance of total temazepam to age and sex also was 
very similar to that observed with oxazepam. Temazepam clearance was 
higher in men than in women and was essentially uninfluenced by age. 
However, the effect of age on clearance of unbound temazepam was partly 
obscured by an age-related increase in the free fraction. After correction 
for individual differences in temazepam protein binding, unbound 
clearance was reduced, hut not significantly, in the elderly of both sexes, 
although it was still higher in men than in women of corresponding age. 
Neither age nor sex significantly influenced the volume of distribution 
of total or unbound temazepam, but unbound v d  values tended to be 
smaller in the elderly than in the young of both sexes. 


The effect of age and sex on temazepam distribution and clearance 
closely resembles the findings of previous studies of oxazepam and lo- 
razepam, two other 3-hydroxy-l,4-benzodiazepines biotransformed by 
glucuronide conjugation (6, 16). The results contrast strikingly with 
studies of benzodiazepines transformed by oxidative pathways such as 
chlordiazepoxide, diazepam, and desmethyldiazepam. Clearance of these 
compounds declines with increasing age, and the extent of distribution 
increases with age. For diazepam and desmethyldiazepam, the age-related 
decline in clearance is more striking in men than in women (8,13). Dis- 


tribution of these two compounds is related to sex as well as age, with 
larger v d  values associated both with increasing age and female sex. 


Thus, the relation of age to benzodiazepine disposition is not easily 
generalized since it may be dependent on the metabolic pathway of the 
drug in question as well as the gender composition of the study popula- 
tion. 
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Abstract With the use of Corey-Pauling-Koltun space-filling models, 
measurements of defined parameters (x, y ,  and z )  were made of the R 
groups in a large number of carbosulfamates, RNHSO;. The correlation 
between sweet and nonsweet sulfamates and the defined parameters for 
R is good. As a test, 12 new carbosulfamates were synthesized and tasted. 
The predictions of their sweetness or nonsweetness based on the corre- 
lation were >90% correct. T o  elicit a sweet taste, the R group of the sul- 
famate should have x 2 5.2 8, and 57.2 A and V ( i e . ,  xyz )  1250A3 and 
probably 190  A3. The receptor site is seen (as for aspartame) as a rather 
narrow cleft into which R has to fit “properly” or be “locked” so that the 
AH,B mechanism for initiating the sweet stimulae can operate. Possible 
applications of this approach are Indicated. 


Keyphrases Sweeteners-structure-activity analysis of sulfamates, 
the role of R side chains Sulfamates-sweeteners, structure-activity 
analysis, the role of R side chains Structure-activity relationships-the 
role of R side chain on sulfamate sweeteners 


Synthetic studies of alternative sweeteners have been 
given impetus since the ban on cyclamates in 1970 and the 
apparently unresolved question of the toxicity of saccharin, 
the only synthetic sweetener presently used worldwide. 
These studies, aimed a t  the design of new synthetic 
sweeteners and a fuller understanding of sweetness, have 
led to the establishment of structure-taste relationships 
for some classes of alternative sweeteners (1-3). 


Most workers have concentrated on the development 
of intraclass structure-taste relationships since there is 
good evidence that  different classes of sweeteners act by 
binding a t  different receptor sites in the taste buds of the 
tongue (4). Thus, structure-taste information from one 
class is not transferable to another class. 


BACKGROUND 


The structure-activity relationships of sulfamate sweeteners were 
reviewed in Part  I of this study ( 5 ) .  Other investigators (6, 7), using 
Corey-Pauling-Koltun (CPK) space-filling atomic models, showed that 
the best NHSO, group conformation for sweet taste stimulation involved 
an angle (8 )  of 60’ between the N-H and S-0 bonds. The necessity of 
maintaining this optimal 60” torsional angle for sweetness explains why 
substitution of an a-hydrogen by an alkyl group at C-1 of an alicyclic ring 
or aliphatic chain destroys sweetness. Similarly, the lack of sweetness 
of phenylsulfamate is ascribed to steric hindrance due to an ortho- hy- 
drogen of the phenyl ring forcing the aminosulfonate group to adopt a 
conformation with 8 = 0”. 


Pautet and Nofre (6) measured the lengths of various R groups in 
RNHSO, and found that for sweetness, R should lie between 5knd 7 A. 
In their second paper (7), they suggested, on the basis of a few measure- 


ments, that R should have a “half-width” of <4 .&. While this approach 
is satisfactory for simpler aliphatic and alicyclic systems, it appeared to 
us to be inadequate for various substituted systems for several rea- 
sons: 


1. Taste response is a function of the size, shape, and functionality of 
a molecule, i .e.,  taste response = f(size, shape, functionality), and any 
assessment of size and shape should take into account the three-dimen- 
sional structure and conformation of the molecule. 


2. Several molecules whose R groups have dimensions falling within 
the limits given by Pautet and Nofre (6,7) were prepared (and tasted for 
sweetness), and it was found that they are not sweet (Table I, Compounds 
15, 18,47, and 49). 


In the present work, 12 new sulfamates were synthesized. With the use 
of CPK space-filling models, measurements were taken on these and 
other sulfamates reported (and tasted) previously. A good correlation 
existed between sweethonsweet sulfamates and the defined parameters 
for R, so it is possible to predict whether unknown sulfamates will be 
sweet. Predictions based on the correlation were >90% correct for the 12 
sulfamates synthesized. 


RESULTS AND DISCUSSION 


Measurements were carried out on all known carbosulfamates for which 
taste data were available. Only those sulfamates whose lack of sweetness 
could be ascribed to a distortion of the angle 0 from 60”, e.g., those sub- 
stituted at C-1 of a chain or a bridgehead (6,7), were excluded. 


Parameters x ,  y ,  and z were defined and measured for each R group; 
from these values, a measure of the size or three-dimensional structure 
( V )  of R is obtained from the product xyz (see Experimental). 


Table I lists the sulfamates on which measurements were made. The 
x, y ,  z ,  and V parameters are given together with the literature references. 
The compourids are listed (Table I) in certain convenient groupings, e.g., 
straight chain, branched, and increasing ring size. 


In Fig. 1, a plot of x (the “length” of R) against V was made using the 
data for the previously reported sulfamates in Table I. The sulfamates 
synthesized in the present work (Compounds 15,18,20,21,35,41,43, and 
4549)  and those about which predictions were made (Compounds 26-28) 
were excluded. Figure 1 reveals that  nearly all of the sweet sulfamates 
fall into a rectangle (Fig. 1A) whose boundaries are reasonably well de- 
fined on three sides, being -5.2 and -7.2 A on the x axis and -250 A3 on 
the V axis. The fourth boundary appears to be 590  A3 on the V axis. 
Almost all of the sulfamates lying outside A are not sweet. Some bitter 
or faintly sweet sulfamates lie a t  or near one of the three defined 
boundaries. 


Of the 12 sulfamates synthesized, it could be predicted on the basis of 
Table I and Fig. 1 that 10 of them would not be sweet and two of them 
would be sweet ( i e . ,  Compounds 46 and 48). Tasting indicated that these 
predictions were correct in 11 cases. The one exception was the apo- 
camphane compound (Compound 48), which was bitter. All 12  com- 
pounds are shown in Fig. 2. Compound 48 might have been excluded since 
it is an example of a C-1 substituted sulfamate and, therefore, would not 
be expected to be sweet due to distortion of the angle 0 from 60”. How- 
ever, it is included because it is bitter and it does lie on a boundary. 
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Table I-Space Parameters for  R Groups of Carbosulfamates 
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18 


19 
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23 
24 
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26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
3 9 
40 
41 
42 
43 


44 


45 
46 
47 
4s 
49 


- 


Ethyl 
n-Propyl 
n-Butvl 
n-Peniyl 
2-Methylbutyl 
3-Methylbuytl 
Isobutvl 
~sopei tyl  
Isohexyl 
Neopentyl 
C y c 1 oh e x y 1 
2-Methylcyclohexyl 
3-Methylcyclohexyl 
4-Methylcyclohexyl 
2,3-Dimethylcyclo- 


hexyl 
2.6-Dimethylcvclo- . -  


hexyl 


hexyl 
2,5-Dimethylcyclo- 


3,3,5-Trimethylcyclo- 
hexyl 


2-Ethylcyclohexyl 
4-tert- Rutvlcvclo- " "  


hexyl 


hexyl 
4-tert- Pentylcyclo- 


Cyclopentyl 
2-Methylcyclopenty l 
3-Methylcyclopentyl 
Cyclobutyl 
3-Methylcyclobutyl 
2-Methylcyclobutyl 
Cyclobutylmethyl 
Cycloheptyl 
C yclooctyl 
Cycloonyl 
C yclododecyl 
Cyclopentylmethyl 
Cyclohexylmethyl 
C yclooctylmethyl 
1-Cyclopentenyl 
2-Cyclohexenyl 
3-Cyclohexenyl 
2-Cycloheptenyl 
2-Cyclooctenyl 
4-Ethenylcyclohexyl 
Benzyl 
ac-Tetrahydro-1- 


naphthyl 
ac-Tetrahydro-2- 


naphthyl 
1-Indane 
1 - Norbornyl 
cis- Mvrant,vl 


4.36 3.71 4.06 
5.68 4.19 3.77 
6.88 4.38 3.77 
8.12 4.62 3.77 
6.68 5.54 5.28 
8.00 4.96 5.44 
5.40 4.80 6.08 
5.64 5.12 6.24 
7.40 5.20 6.24 
5.40 5.68 6.08 
5.72 5.03 6.28 
6.72 4.96 7.52 
5.72 5.03 7.56 
6.40 4.98 6.25 
6.92 5.07 7.64 


7.04 5.00 8.64 


6.96 5.07 8.64 


5.32 6.64 7.76 


7.08 5.00 8.80 
7.68 6.25 6.56 


8.16 6.69 6.32 


5.32 4.88 5.96 
5.32 4.88 6.72 
6.40 5.24 6.28 
5.04 4.48 5.44 
5.68 5.20 5.36 
5.40 5.20 6.00 
5.88 4.96 5.36 
6.00 5.04 6.88 
6.64 5.04 7.36 
7.04 5.04 7.68 
7.64 5.20 8.80 
6.96 4.90 6.00 
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8.24 5.12 7.76 
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5.48 5.01 6.02 
5.48 6.30 6.27 ... .~ 
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7.56 3.68 6.32 
6.60 5.12 8.76 
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Figure 1-Plot of the lengths of R (x) versus V for reported sulfamates. 
See Table I for key to compounds. Key: 0, sweet; +, nonsweet; and ., 
bitter. 


mentioned a t  the beginning of this section. Thus, for example, n- hexyl- 
sulfamate and higher homologs were not considered since their x pa- 
rameters (x = 9.26 b, for n-hexylsulfamate) would place them at the outer 
limits of the figures and, being nonsweet, they add nothing to the corre- 
lation. Some sulfamates that were not tasted were excluded. 


The space-filling properties of R (as measured by V and x )  are all im- 
portant in determining whether or not a molecule is sweet; V is not a 
measure of the molecular volume of R, although the actual volumes of 
dipeptide ester sweeteners have been measured by immersion in 40% 
methanol using CPK models (8). The present authors found that the 
solvent penetrates into the hollows in the models; therefore, it was 
doubtful if this method could give an accurate assessment of volume 
(unless the models were hermetically sealed first). Recently, relative 
sweetness data for 33 dipeptide esters were correlated in a multiparam- 
eter equation involving parachor, hydrophobic, and STERIMOL pa- 
rameters (9). 


The V parameter can be regarded as the volume generated when x ,  y, 
and z are multiplied, i.e., V gives the dimensions of the space or receptor 
site into which R will fit. Thus, although V is in part a function of x, both 
parameters are highly meaningful and allow one to explain why some 
sulfamates are sweet and others are not. 


The absence of sweetness of some sulfamates (Fig. 3) can be explained 
if, as in the case of aspartame (lo), the receptor site is seen as a rather 
narrow cleft (10 b, for aspartame) into which R has to be fitted. Thus, 
those molecules whose R groups have 5.2 2 x 5 7.2 A but V > 250 (Fig. 
3B) are unable to fit into the receptor site and, therefore, cannot be 
"locked," and the AH,B mechanism for initiating the sweet stimulus 
cannot operate. Molecules with x > 7.2 A are too long to fit into the re- 
ceptor site (Fig. 3D), and molecules with x > 7.2 A and V > 250 A3 (Fig. 
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8l a Synthesized in the present work. bNot synthesized. 


In Fig. 3, the 12 compounds are shown with those in Fig. 1 and three 
unknown compounds. On examination of Fig. 3, a quantitative assess- 
ment of the quality and predictive value of the correlation can be made. 
Of the 47 compounds synthesized and tasted (Compounds 26-28 can be 
excluded), there is only one nonsweet compound within area A and one 
sweet compound outside A if those actually on a boundary are ignored. 
Thus, the taste, i.e., sweet/nonswetit, of 45 of the 47 compounds can be 
predicted correctly. This finding indicates that  Fig. 3 has a 96% chance 
of correctly predicting the taste of unsynthesized sulfamates. 


The correlation between sweethonsweet and the defined parameters 
for R is good and suggests that Fig. 3 can be used to predict whether 
certain unknown sulfamates will be sweet. Thus, its usefulness in the 
design of new sweet sulfamates is clear. For example, although Compound 
25 is not sweet, it can be predicted that Compounds 26-28 will be 
sweet. 


Plots of either y or z uersus V did not give such a high correlation be- 
tween sweet/nonsweet molecules and the magnitudes of y / z  and V. A few 
known carbosulfamates were exluded in addition to the group specifically 
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Figure 2-Plot of lengths R (x) versus V for the 12 new sulfamates. See 
Table I for key to compounds. Key: 0 ,  sweet; +, nonsweet; and ., 
bitter. 
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Figure 3-Plot of the lengths of R (x) versus V for reported, newly 
synthesized, and some unknown (Compounds 26-28) sulfamates. See 
Tabfe I for key to compounds. Key: e, sweet; +, nonsweet; and m, 
bitter. 


3C) are both too long and too large to he accommodated by the restricted 
three-dimensional geometry of the binding site. Finally, the few sul- 
famates with x < 5.2 A and V < 250 A3 should give a poor fit a t  the 
binding site and might not be expected to be sweet. 


The approach to structure-taste relationships developed here may be 
useful in developing such relationships for other types of sweeteners. An 
attempt is being made to extend it (both by syntheses and measurements 
on models) to include the large group of sulfamates whose R groups 
contain one or more heteroatoms. An advantage of the present method 
is that relative sweetness data are not required. If such data were avail- 
able, additional patterns or trends might be discernible in Fig. 3. Seen 
on a broader canvas, the present approach might find application in the 
wider area of structure-activity relationship studies in chemorecep- 
tion. 


EXPERIMENTAL 


Syntheses-All of the sulfamates were synthesized either by reaction 
of the appropriate amines by the method of Audrieth and Sveda (11) or 
by the method of Boyland et al. (12). Many of the amines were prepared 
from the corresponding ketones by conversion to their oximes and sub- 
sequemt sodium-ethanol reduction. All compounds were isolated as their 
sodium salts, except Compounds 43 and 48, which were purified as their 
ammonium salts. Compound 48 was prepared from camphor uia cam- 
phorsulfonic acid, camphorsulfochloride, ketopinic acid (13), apocam- 
phane-1-carboxylic acid (14), and 1-aminocamphane (15). 


Taste Analysis-All of the sulfamates were tasted by four tasters who 
were asked to decide whether a solution was sweet or nonsweet, i .e.,  
tasteless or bitter. Prior to commencing, each taster took a concentrated 
solution of sodium n-propylsulfamate, which is very slightly sweet (5, 
16). The methodology of the tasting process involved the following: (a) 
rinsing out the mouth with distilled water, ( b )  tasting a concentrated 
solution of the test sulfamate, (c )  rinsing out the mouth with distilled 
water, and ( d )  tasting a concentrated solution of sodium n-propylsulfa- 
mate. (For many of the compounds taken from the literature and shown 
in Figs. 1-3, the taste data reported only indicated sweet or nonsweet 
results.) 


Measurements with Models-The atoms making up each side-chain 
R were arranged in the most stretched conformation. For example, in 


Compound 12, the methyl group was put into an equatorial position; in 
Compound 15, the two methyl groups were put trans to one another. The 
side-chain R was positioned on a calibrated straight line (in the plane of 
the paper) so that the apex carbon (C-1) was superimposed on the zero 
mark and the remainder of the group was positioned on the line. The 
group R was clamped in this position, and the measurements ( x ,  y,  2) were 
made in this fixed position. 


The length of R ( x )  could be read off the calibrated line or determined 
with a vernier. The width of R (t) was obtained by locating the widest 
points of the chain at right angles to the calibrated line in the x ,  z plane 
and dropping perpendiculars from the z axis to these points. The sum 
of the lengths of the two perpendiculars gave t. The height of R ( y )  was 
obtained by locating in the x,y plane (at right angles to the plane of the 
paper) the highest point of R. Value V, in A3, is the volume generated by 
multiplication of x ,  y, and z. Where comparison was possible, measure- 
ments were usually within 10% of those previously reported (6,7). 
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Figure 6-Decrease of the initially sorbed amount of the drug as a 
function of the number of desorption steps, n, for various values of 
KN.  


Finally, theoretical desorption curves are shown in Fig. 6 and were 
calculated according to Eq. 13. The graph depicts the decrease of the 
initially sorbed amount of the drug as a function of the number of de- 
sorption steps for increasing values of KB(p. With regard to K ,  values on 
the order of 2-10 M-l,  indicating moderate binding (Table I) even when 
considering high values of cp (i.e., cp = 0.02), it follows from Fig. 6 that only 
a few desorption steps are necessary for complete release of the bound 
compound from the polymer. 


Presumably, with the exception of tannic acid and closely related 
compounds, the presence of the disintegrant should not interfere with 
GI absorption of the pharmaceutical. 
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Abstract 0 Novel activated ester-type prodrugs of aspirin were designed 
and synthesized. The methylthiomethyl, methylsulfinylmethyl, and 
methylsulfonylmethyl esters of aspirin (acetylsalicylic acid) were cleaved 
in uitro in plasma to form aspirin rather than the corresponding salicy- 
lates. In uiuo studies using dogs indicated that a t  least one aspirin de- 
rivative, methylsulfinylmethyl-2-acetoxybenzoate, is a true aspirin 
prodrug since aspirin was detected in the blood after prodrug adminis- 
tration. 


Keyphrases Aspirin-activated ester-type prodrugs of aspirin syn- 
thesized and evaluated for analgesia, in uiuo and in uitro studies 0 Pro- 
drugs, aspirin-activated ester-type prodrugs synthesized and evaluated 
for analgesic activity, in uitro and in uiuo studies 0 Analgesic activ- 
ity-activated ester-type prodrugs of aspirin, synthesized and evaluated 
for analgesia, in uitro and in uivo studies 


The GI side effects of aspirin (acetylsalicylic acid, I) are 
well known and documented (1). These side effects are 
associated with the free carboxylic group; thus, transient 
derivatives (prodrugs) and various formulations of I were 
prepared and tested in which the free carboxyl group was 
derivatized or bound. The results obtained were unsatis- 
factory due to the specific properties of I. The o-acetyloxyl 


group is rather labile. Extensive studies of the chemical 
hydrolysis (2-8) and in v i m  hydrolysis (9) demonstrated 
the facile conversion of I to salicylic acid (11). Although I1 
is also a potent anti-inflammatory agent, it was shown (10) 
that I is a far more potent analgesic and, thus, delivery to 
the bloodstream in the intact form is desirable. To achieve 
this, the carboxyl-protecting function must be cleaved 


0022-35491 8 11 0 700-0743$0 7.0010 
@ 198 1, American Pharmaceutical Association 


Journal of Pharmaceutical Sciences I 743 
Vol. 70, No. 7, July 1981 







I11 IV 


prior to the labile o-acetyl one, which is difficult since the 
prodrug must at the same time be stable enough in the neat 
form and in formulation. 


BACKGROUND 


An early recommendation for an aspirin prodrug with decreased gastric 
irritation was aspirin anhydride (11). However, its low solubility in water, 
slow dissolution rate, and immunogenicity (12, 13) prevented further 
development. Attempts to increase the solubility were made by preparing 
mixed anhydrides' such as the pyridine-containing derivatives 111 and 
IV. However, these mixed anhydrides cannot be synthesized in a 100% 
pure form since some disproportionation always occurs and aspirin an- 
hydride is formed as an impurity, even when using the clean acyl chlo- 
ride-thallium carboxylate reaction (14). Mixed anhydrides probably also 
have immunogenic-allergenic properties similar to aspirin anhydride. 
A phosphoric acid mixed anhydride2 (V) was considered, but all attempts 
a t  preparation failed, even when the stable ester (VI) was used, due to 
facile intramolecular reactions leading to the stable cyclic salicylphos- 
phate (VII). 


.OCOCH, 
V VI VII 


Stable acyloxyalkyl derivatives of I such as the pivalyloxymethyl', 
benzoyloxymethyl, and analogous esters were synthesized, but they also 
showed low aqueous solubility and dissolution rates. More recently, the 
4-acetamidophenyl ester (IX) (15,161 and the triglycerides (X) (17,18) 
were prepared. 


Although decreased GI irritation is claimed with both IX and X, there 
is no proof that these derivatives are true prodrugs of I and not of salicylic 
acid. Recent work (18) on X showed only the blood salicylate levels and 
the pharmacological testing involved only anti-inflammatory studies, 
but X still was indicated (without any proof) to be an aspirin prodrug. 


Some aspirin salts, such as lysine acetylsalicylate (XI), were reported 
(19) to produce three times less GI bleeding than I. 


Other intended aspirin prodrugs include the 1'-ethoxyethyl ester (20), 
N-hydroxyethyl nicotinamide ester (Zl), and salicylamide ester (22). The 
patent literature also includes various derivatives but without much 
specific information. 


0 0 0 


VIII IX 


~~ 


N. Bodor, unpublished work. 
N. Bodor, unpublished work. The pivalyloxymethyl ester (VIII) is a solid which 


has a low melting point (36-38O) and which is soluble to the extent of 25% in oil. 
The solution did not show any decomposition for 2 years at room temperature. 


XI: Ri = CHzSCH3, Rz = H 
XII: Ri = CHzSOCH,, Rz = H 


XIII: R1 = CHzSOiCH3, Ri = H 
XIV: Ri = CHzSCH3, Rz = O H  
XV: Ri = CHzSOCH3, Rz = OH 


XVI: Ri = CHtSOzCH,, Rz = O H  
XVII: Ri = CHSCHj ,  R2 = OCOCH3 


XVIII: Ri = CH~SOCHJ ,  Rz = OCOCH3 
XIX: Ri = CHzSOZCH3, Rz = OCOCHo 


None of the chemical derivatives of aspirin was reported to form aspirin 
in the body after oral or intravenous administration. 


The present study reports novel derivatives of aspirin, a t  least one of 
which resulted in aspirin ~n uiuo. These new prodrugs are activated esters 
that  undergo further activation in uiuo. The overall result is delivery of 
aspirin ( I )  rather than of salicylic acid. 


Protective groups capable of being removed under mild conditions are 
of great value in peptide synthesis. Methylthiomethyl and P-ethyl- 
thiomethyl esters are used as protective groups for carboxylic acids for 
this purpose (23,24). They are somewhat stable under normal conditions 
but can be made more labile by conversion into a sulfonium salt or by 
oxidation to the sulfone, which then is cleaved readily under neutral or 
mild alkaline conditions at  room temperature to regenerate the acid. 
Therefore, similar groups might be suitable as temporary transport 
moieties for aspirin and other carboxylic acids. 


Sulindac, a new anti-inflammatory agent containing a sulfinyl group, 
undergoes reversible reduction-oxidation biotransformation to  the sul- 
fide and an irreversible oxidation to the sulfone in several animal species 
including humans (25). The methylthiomethyl ester thus should be 
susceptible to enzymatic oxidation and subsequent cleavage in the body. 
Benzoic acid was used first as a model compound, and the corresponding 
methylthiomethyl (XI), methylsulfinylmethyl (XII), and methylsul- 
fonylmethyl (XIII) esters were synthesized. Analogous derivatives of 
salicylic acid (XIV-XVI) and of aspirin (XVII-XIX) then were pre- 
pared. 


Detailed studies as to the physicochemical properties and chemical 
and enzymic hydrolysis rates were carried out on XI-XIX. The results, 
including the complex hydrolysis characteristics of XVII-XIX, will be 
reported in separate papers. This report describes the enzymic hydrolysis 
studies on XIV-XIX; the data also show that a t  least one aspirin deriv- 
ative is an effective true prodrug of I, resulting in aspirin in uiuo. 


EXPERIMENTAL 


Methylthiomethyl Benzoate (XI)-The compound was prepared 
by reacting benzoic acid with chloromethyl methyl sulfide in the presence 
of triethylamine as described earlier (23). The obtained ester was distilled 
under reduced pressure, bp 93-95'/0.3 mm [lit. (23) bp 106-108°/2 mm]; 
mol. wt. 182.24; IR (neat): 3060,2920,1710,1595,1450,1330,1310,1250, 
1100,1070,1025,930,750, and 710 cm-'; NMR (CDC13): 6 7.2-8.2 (m, 
5H), 5.4 (s, 2H), and 2.3 (s, 3H) ppm; mass spectrum (70 ev): m/z (relative 
intensity) 182 (9), 105 (1001, and 77 (41). 


Methylsulfinylmethyl Benzoate (XI1)-To a chloroform solution 
containing 0.91 g (0.005 mole) of XI was added, in portions over 15 min 
with stirring, 1.0 g (0.005 mole) of rn-chloroperbenzoic acid (85% solution). 
The resultant solution was stirred at room temperature overnight, washed 
twice with saturated aqueous sodium bicarbonate solution, and dried over 
anhydrous sodium sulfate. The reaction mixture was filtered, and the 
filtrate was evaporated under reduced pressure to afford a pale-yellow 
liquid, which crystallized on standing several hours a t  room temperature. 
Trituration of the residue in petroleum ether (bp 30-60') gave 0.7 g 
(0.0035 mole) of the desired product (70% yield) as ?white solid, mp 
43-45'; IR (neat, melt): 3060,3000,2920,1710,1590,1445,1310,1240, 
1100,1050,800, and 710 cm-I; NMR (CDC13): 6 7.3-8.3 (m, 5H), 5.2 ( A A ,  
2H), and 2.7 (s, 3H) ppm; mass spectrum (70 ev): m / t  (relative intensity) 
168 (21,135 (41, 105 (loo), and 77 (42). 


Anal.-Calc. for C9H1003S: C, 54.52; H, 5.08; S, 16.18. Found C, 54.22; 
H, 5.22; S, 16.40. 


Methylsulfonylmethyl Benzoate (XII1)-Use of the method de- 
scribed for XII, but with 2 equivalents of m-chloroperbenzoic acid, af- 
forded the desired product, mp 116-118'; IR (KBr): 3060, 3000, 2920, 
1730,1590,1545,1420,1300,1250,1095,950,800, and 720 cm-'; NMR 
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(CDC13): 6 7.3-8.4 (m,5H),5.3 (s, 2H),and 3.0 (s,3H) ppm;mass spec- 
trum (70 ev): m/z (relative intensity) 184 (4), 135 (2), 105 (loo), and 77 
(36). 


Anal.-Calc. for C ~ H ~ O O ~ S :  C, 50.45; H, 4.71; S, 14.97. Found C, 50.61; 
H, 5.00; S, 15.18. 
Methylthiomethyl2-Hydroxybenzoate (XIV)-To an acetonitrile 


solution containing 13.8 g (0.1 mole) of salicylic acid and 10.1 g (0.1 mole) 
of triethylamine at  0' was added dropwise, with stirring, 9.6 g (0.1 mole) 
of chloromethyl methyl sulfide. The solution was heated under reflux 
for 24 hr. The solvent was then removed under reduced pressure, and the 
residue was suspended in benzene. The formed triethylamine hydro- 
chloride was removed by filtration, and the filtrate was washed twice with 
saturated aqueous sodium bicarbonate solution, dried over anhydrous 
sodium sulfate, and filtered. Removal of benzene by evaporation under 
reduced pressure afforded a liquid. Vacuum distillation gave 15.8 g (0.08 
mole) of the desired product (80% yield) as a clear, colorless liquid, bp 
107-109°/0.8 mm; IR (neat): 3200, 2920, 1670, 1600, 1580, 1480, 1415, 
1350,1280,1200, 1170, 1140, 1080,920, 840, 760, and 700 cm-'; NMR 
(CDC13): 6 10.5 (broads, lH),  6.6-8.0 (m, 4H), 5.4 (s, 2H), and 2.3 (s, 3H) 
ppm; mass spectrum (70 ev): m/z (relative intensity) 198 (7), 121 (15), 
and 61 (100). 


Anal.-Calc. for CgH1003S: C, 54.52; H, 5.08; S, 16.18. Found: C, 54.70; 
H, 5.26; S, 16.01. 


Methylsulfinylmethyl 2-Hydroxybenzoate (XV)-Substitution 
of an equivalent quantity of XIV for the benzoic acid methylthiomethyl 
ester (XI) used for the synthesis of XI1 and repetition of the described 
procedure afforded the desired product, mp 110-112° (ethanol); IR 
(KBr): 3200,3000,1680,1600,1580,1480,1345,1280,1130,1090,940, and 
770 cm-'; NMR (CDC13): 6 10.2 (s, lH),6.7-8.1 (m,4H),5.3 (AB,2H), 
and 2.8 (s, 3H) ppm; mass spectrum (70 ev): m/z (relative intensity) 214 
(I), 121 (loo), 93 (131, and 65 (10). 


Anal.-Calc. for CgHl00&3.1/2HzO: C, 48.42; H, 4.97; S, 14.36. Found: 
C, 48.14; H, 4.51; S, 14.94. 


Methylsulfonymethyl 2-Hydroxybenzoate (XV1)-By using the 
method described for the preparation of XIII, the ester XIV was trans- 
formed into the desired product in an 85% yield, mp 124-126' (ethanol); 
IR (KBr): 3200,3000,1680,1600,1580,1480,1420,1345,1320,1280,1240, 
1190, 1130, 1090,940,770, and 710 cm-'; NMR (CDCls): 6 10.0 (s, lH) ,  
6.8-8.1 (m, 4H), 5.3 (s, 2H), and 3.1 (s, 3H) ppm; mass spectrum (70 ev): 
m/z (relative intensity) 230 (lo), 121 (loo), 93 (lo), and 65 (12). 


Anal.-Calc. for CgHloObS: C, 46.95; H, 4.38; S, 13.93. Found: C, 47.14; 
H, 4.52; S, 14.52. 


Methylthiomethyl 2-Acetoxybenzoate (XVI1)-Substitution of 
an equivalent quantity of aspirin for the salicylic acid used in the prep- 
aration of XIV and repetition of that described procedure afforded the 
desired product, bp 148-150°/1 mm; IR (neat): 3060,2920, 1755, 1715, 
1600,1480,1450,1365,1280,1200,1060,920,750, and 705 cm-'; NMR 
(CDC13): 6 6.9-8.2 (m,4H),5.3 (s, 2H), 2.3 (s, 3H),and 2.2 (s, 3H) ppm; 
mass spectrum (70 ev): m/z (relative intensity) 240 (2), 198 (lo), 163 (9), 
121 (411, and 61 (100). 


And-Calc. for CllH(204S: C, 54.98 H, 5.04; S, 13.35. Found: C, 55.17; 
H, 5.15; S, 13.69. 


Methylsulfinylmethyl 2-Acetoxybenzoate (XVII1)-The method 
described for the synthesis of XV was used, starting with 7.2 g (0.03 mole) 
of the methylthiomethyl ester, XVII. Recrystallization from tetrahy- 
drofuran of the crude product resulted in pure XVIII in an 80% yield (6.1 
g), mp 11g122O; IR (KBr): 3000,1750,1720,1600,1480,1370,1300,1180, 
1080,920,830,755, and 705 cm-'; NMR (CDC13): 6 7.0-8.2 (m, 4H), 5.2 
(AB, 2H), 2.6 (s, 3H), and 2.4 (s, 3H) ppm; mass spectrum 170 ev): m/z 
(relative intensity) 214 (2), 163 (23), 121 (loo), 93 (7), 92 (7), and 65 
(7). 


Anal.-Calc. for CllH120&1/2HzO: C, 49.80; H, 4.94; S, 12.09. Found: 
C, 49.49; H, 4.59; S, 12.69. 


Methylsulfonylmethyl 2-Acetoxybenzoate (X1X)-To a stirred 
chloroform solution of 7.2 g (0.03 mole) of methylthiomethyl2-acetoxy- 
benzoate (XVII) at Oo was added 12.0 e (0.06 mole) of m-chlorouerbenzoic 


rivatives (XVII-XIX). For oral administration, the compounds were 
dissolved in polyethylene glycol 400 and placed in gelatin capsules. Di- 
methyl sulfoxide solutions were used for the intravenous dosing. The 
doses were adjusted so that the dogs received equimolar doses of aspirin 
and the aspirin derivatives, both intravenously and orally. Each experi- 
ment was repeated at  least once. Each dog was allowed to rest for a 
minimum of 1 week before i t  was used again. 


Blood (2 ml) was withdrawn from each dog and acidified immediately 
by mixing with 2 ml of chilled 10% aqueous potassium bisulfate and 1 
drop of potassium fluoride (-25 mg) in a 15-ml centrifuge tube. This 
process lowers the sample pH to -1 and quenches enzymatic ester hy- 
drolysis. Ether (7.0 ml) was added to each tube, and the samples were 
mixed on a mechanical shaker for 30 min and then centrifuged. A 5.0-ml 
portion of the supernate was removed and evaporated to dryness, and 
the residue was dissolved in 1.0 ml of acetonitrile. This solution then was 
analyzed by high-pressure liquid chromatography (HPLC). The recov- 
eries (fSE) of aspirin (I) and salicylic acid (11) from whole blood were 
97.8 f 3.2 and 98.3 f 2.7%, respectively. Aspirin hydrolysis during the 
entire workup was 5.4 f 0.5% (SE) .  


Enzymatic Hydrolytic Cleavage of XIV-XIX and  Aspirin in  
Human Plasma-The plasma3 was stored in a refrigerator and used 
within 1 week from the date it was collected. A portion of 100 pl of a 
standard solution of the compound in acetonitrile was added to 10 ml of 
plasma a t  37'. The plasma samples were extracted according to a liter- 
ature method (26). Thus, 0.50-ml samples of plasma were withdrawn from 
the test medium, placed in 15-ml stoppered centrifuge tubes, and acidi- 
fied with 0.50 ml of 10% potassium bisulfate and 1 drop of potassium 
fluoride (-25 mg). Chloroform (3 ml) was added to each tube and mixed 
on a mechanical shaker for 15 min. 


The resulting emulsions were centrifuged, and 2.0 ml of the chloroform 
solution was recovered. These extracts were evaporated to dryness under 
continuous nitrogen flow, and the residue was dissolved in 0.50 ml of 
methanol. The methanolic solution was analyzed by HPLC. Plasma 
samples were also analyzed separately by injecting 5-10 pl of plasma 
directly into the chromatograph. Both methods gave the same results. 
In the plasma studies, the substrate concentration was kept low 
M), and the rate constants were calculated as first order by following the 
disappearance of the compound with time. 


Analytical Methods-An HPLC method was developed for studies 
of the complex degradation of 2-acetoxybenzoates because hydrolysis 
of XVII-XIX can lead to  a t  least three possible hydrolytic products for 
each compound. The chromatographic analysis was performed on a 
component system4. A 30-cm X 3.9-mm i.d. column5, operated at ambient 
temperature, was used for all separations. The mobile phase used for the 
separation of methylthiomethyl2-acetoxybenzoate (XVII) and its deg- 
radation products consisted of acetonitrile-acetic acidhodium ace- 
tate-water (45010540). The pH was adjusted to  3.86 with 25% aqueous 
NaOH. At a flow rate of 2.0 ml/min, the retention times of XVII, XIV, 
aspirin (I), and salicylic acid (11) were 6.2,9.2,2.2, and 2.0 min, respec- 
tively. 


The mobile phase used for separation of methylsulfinylmethyl (XVIII) 
and methylsulfonylmethyl (XIX) 2-acetoxybenzoates and their degra- 
dation products consisted of acetonitrile-methanol-acetic acidhodium 
acetate-water (140:1155740). The pH was adjusted to 3.86 with 25% 
aqueous NaOH. At a flow rate of 2.0 ml/min, the retention times of XVIII, 
XIX, XV, XVI, I, and I1 were 6.9,9.5,7.1,10.1,5.2 and 3.6 min, respec- 
tively. For the separation of the benzoate derivatives, 70% methanol in 
water was used as the mobile phase. The plot of the peak heights uersus 
the various amounts of each derivative studied was linear in the con- 
centration range studied. In the reaction mixture, the concentration of 
the compounds was determined by comparison of the peak heights for 
the compounds to the corresponding standard curves. When the biological 
extracts or fluids were analyzed, the column was protected by a 5-cm X 
2-mm i.d. precolumn packed with COPell ODs6. 


RESULTS AND DISCUSSION 
acid. The reaction mixture was workedup as for XVI as a whitecrystalline 
product, mp 151-153O; IR (KBr): 3010,1750,1725,1600,1480,1300,1245, 
~ ~ ~ 5 , ~ ~ 2 o , ~ o g o , ~ o o o , 9 2 0 , 7 6 0 ,  and 710 cm-~ ;  NMR (cDc~~) :  6 7.0-8.2 
(m, 4H), 5.3 (s, 2H), 3.0 (s, 3H), and 2.4 (s, 3H) epm; mass SDectrum (70 


The prodrugs of aspirin (XVII-XIX) and those of salicylic acid 
(XIV-XVI) were well-defined, stable compounds and are easy to syn- 
thesize. As expected, the melting point of the compounds increases in the 


ev): m/z (relative intensity) 272 (<l),  230 (21), 163 ( l l ) ,  121 (i00), 93 (lo), 
92 (lo), and 65 (11). 


Anal.-Calc. for C11H120sS: C, 48.52, H, 4.44; S, 11.78. Found: C, 48.48; 
H, 4.43; S, 11.76. 
In Vivo Studies-Four purebred female beagle dogs, 1.5 years old, 


were used to determine the blood levels of various metabolites after oral 
and intravenous administration of aspirin (I) and the three aspirin de- 


The human plasma waa obtained from the Community Blood Center of Greater 
Kansas City and contained -80% plasma diluted with anticoagulant citrate phos- 
phate dextrose solution USP. 


a n " , ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ h ~ ~ ~ ~ ~ ~ ~ ~ ~ o s ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ m ,  
U-6K 


5 Waters Associates @Bondpak cis. 
Whatman. 
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order of level of oxidation stage. Thus, while the methylthiomethyl de- 
rivative XVII is a liquid, XVIII has a melting point of 120' and XIX melts 
a t  153". The solubilities follow the reverse order since XVII is freely 
soluble in acetonitrile, methanol, and polyethylene glycol 400 (0.1 g/ml) 
while XIX is only sparingly soluble in methanol and acetonitrile and al- 
most insoluble in polyethylene glycol. 


Detailed physicochemical studies of the new esters, XII-XIX, were 
carried out after it was shown that enzymic cleavage of the aspirin pro- 
drugs XVII-XIX results in significant amounts of aspirin. 


The possible routes for the complex interconversion-metabolism of 
the prodrugs are shown in Scheme I. Thus, XVII, XVIII, and XIX the- 
oretically could cleave to provide aspirin or the corresponding salicylates 
(XIV, XV, and XVI, respectively). Everything would finally result in 
salicylic acid, which undergoes the usual metabolism (25, 27,28). 


Alternatively. the thiomethyl ester(s) could undergo reversible oxi- 
dation to the sulfinyl and then to the corresponding sulfonyl esters. 


Aspirin is hydrolyzed rapidly a t  37" in human whole blood and plasma, 
with an average half-life of -30 min and 1 hr, respectively (29). In the 
human body, aspirin is hydrolyzed even faster, with a half-life of 13-20 
min (9) to form salicylic acid, which then is conjugated in part with glycine 
and glucuroiiic acid to form various acyl and phenolic conjugates (30). 
Several other minor metabolites also are formed. Free salicylic acid and 
its metabolites are eliminated from the body by renal excretion. For any 
derivative to be called a true aspirin prodrug, it has to be hydrolyzed 
enzymatically or nonenzymatically within the body to form aspirin. The 
rate of conversion must ensure buildup of the drug to a level capable of 
eliciting a pharmacological effect. Aspirin is much more active as an an- 
algesic agent than salicylic acid, and aspirin formation in the body could 
be important for the analgesic activity of the compound (18). 


Human plasma was used to determine the hydrolysis routes and rates 
of the compounds of main interest (XVII-XIX), as compared to the 
salicylates (XIV-XVI) and aspirin. 


The hydrolysis rates in plasma of the 2-acetoxybenzoate esters 
(XVII-XIX) measured by following the disappearance of the compound 
with time and that of aspirin are listed in Table 1. All three aryl esters 
have much shorter half-lives than that obtained for aspirin (-2 hr). 
Rowland et al. (9) studied aspirin hydrolysis in 90% volume fresh human 
blood and plasma a t  37" and found the average half-life to be -30 min 
in whole blood and slightly over 1 hr in plasma. In the present experiment, 
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Figure I-Concentration-time profile for the  hydrolytic cleavage of 
the  aspirin derivative X V I I  (@) in human plasma in vitro at  37' and 
i ts  hydrolytic products, the salicylate ester X I V  (A), aspirin (01, and 
salicylic acid (0). 
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Figure 2-Concentration-time profile for the  hydrolytic cleavage of 
the  ester X VIII (0) in h u m a n  plasma in vitro at 37". Aspirin (n) and 
salicylic acid (0) were forming. 
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Figure 3-Concentration-time profile for the hydrolysis of the aspirin 
deriuatiue X I X  (0) in h u m a n  plasma in vitro at  37'. Aspirin (0) and 
salicylic acid (0) were the hydrolysis products. 
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MINUTES 
Figure &-Blood levels o f  aspirin (0)  and salicylic acid (0) following 
a n  intravenous dose of 250 mg of aspirin (I)  t o  a n  8.4-kg dog ( top)  and 
a n  oral dose of 397 mg of I to  a n  11.6-kg dog (bottom). 


80% volume plasma was used under different conditions and the aspirin 
half-life was somewhat longer. A wide variation in hydrolysis rates of 
aspirin was seen in plasma from different individuals (31). The hydrolysis 
rates of the 2-hydroxybenzoates (XIV-XVI) are compared to that of 
methyl salicylate (XX) in Table 11. The ester, XX, was selected as a model 


Table I-Hydrolysis of Methylthiomethyl (XVII), 
Methylsulfinylmethyl (XVIII), and Methylsulfonylmethyl (XIX) 
2-Acetoxybenzoates and Aspirin (I) in Two Batches of Human 
Plasma a t  37.0" 


kobsa, min-l 
Compound Batch I Batch I1 Average t 112, min 


XVII 0.45 0.73 0.59 1.2 
XVIII 5.2 X 4.8 X 5.0 x 14 


XIX 6.6 x 8.1 x lo+ 7.4 x 9.4 
I - 6.0 X lob3 6.0 X 1.2 X 10' 


Based on disappearance of starting compound. 


Table 11-Hydrolysis Rates of the Salicylate Esters XIV, XV, and 
XVI and Methyl Salicylate (XX) in Human Plasma a t  37" 


Compound hubs, min-1 t 112. min klk," 


xx 1.4 x 10-3 5.0 X 10' 1.0 
XIV 8.8 x lo-' 79 6.3 xv 4.5 x 10-2 15 32 
XVI 9.4 x 10-2 7.4 67 


Represents the relative hydrolysis rates of XIV, XV, and XVI compared to xx. 
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Figure 5-Blood levels of salicylic acid (0) after administration of an 
intravenous dose of 302 mg of methylthiomethyl2-acetoxybenzoate 
(XVII) to  an 8.6-kg dog (top) and an oral dose of 570 mg of XVII to an 
8.4-kg dog (bottom). 


for a salicylate. The kobs values were determined following the disap- 
pearance of the starting materials. 


All sulfur-containing “activated” esters (XIV-XVI) are hydrolyzed 
faster in plasma than the methyl 2-hydroxybenzoate (XX). Thus, the 
methylsulfonylmethyl ester (XVI) is hydrolyzed 67 times faster than the 
methyl ester. 


The disappearance of the aspirin prodrugs and appearance of aspirin, 
salicylic acid, and the corresponding salicylates are shown in Figs. 1-3. 
The prodrugs XVIII and XIX result in significant aspirin concentrations, 
while XVII cleaves according to both pathways, one leading to the sali- 
cylate (XIV) and the other to aspirin. These results imply that XVIII and 
XIX are promising true prodrugs of aspirin since no formation of the 
salicylates XV and XVI, respectively, was observed, and the main hy- 
drolysis product was aspirin. The delivery characteristics of XVII-XIX 
thus were determined in v i m  using beagle dogs. 


After oral administration of XVII, XVIII, XIX, or aspirin equivalent 
to 50 mg of aspiridkg and intravenous administration of XVII, XVIII, 
XIX, or aspirin equivalent to 25 mg of aspirinkg to dogs, the appearance 
in the blood of the compound and its possible metabolites was followed 
as a function of time. With XIX, only 8 mg/kg was administered intra- 
venously to the dog because of its low solubility in the vehicle dimethyl 
sulfoxide. The appearance and disappearance of salicylic acid in the blood 
were fitted to an exponential equation C, = Ne+Of + Le-af  + 
(32,33). The blood aspirin concentration after oral and intravenous ad- 
ministration of aspirin also was fit to the exponential equation, where 
k,  was set equal to infinity after intravenous administration (34). The 
disappearance of XVIII in the blood after intravenous administration 
was fit to a simple first-order equation. The results are shown in Figs. 
4-7. 


The methylthiomethyl (XVII) and methylsulfonylmethyl (XIX) 2- 
acetoxybenzoates were metabolized rapidly in the body, resulting in peak 
blood salicylic acid levels within the first 10 rnin after an intravenous dose 


(Figs. 5 and 7). The first samples were withdrawn a t  2 rnin after the in- 
travenous injection. No aspirin, starting 2-acetoxyhenzoate, or the pos- 
sible intermediate 2-hydroxybenzoate esters was detected in these 
samples. After oral administration of XVII and XIX, only salicylic acid 
was detected. Methylsulfinylmethyl 2-acetoxybenzoate (XVIII) was 
metabolized more slowly, with a peak blood salicylic acid level a t  30 min 
after an intravenous dose (Fig. 61, which is about the same time as ob- 
tained after intravenous aspirin (Fig. 5). Within 3-5 min after the in- 
travenous administration, the aspirin formation rate was equal to the 
disappearance rate of XVII. However, after 7 min, no XVIII or aspirin 
was detected in the blood. After oral administration of XVIII, only sali- 
cylic acid was detected with a peak blood level at 300 min (Fig. 5). 


All aspirin derivatives (XVII-XIX) apparently are metabolized mainly 
to salicylic acid. 


Aspirin is hydrolyzed rapidly in the body to form salicylic acid. After 
intravenous aspirin, the plasma aspirin concentration versus time curve 
can be described by the biexponential equation C, = Ae-at + Be-@ (34). 
The half-life of the first exponent (a) is 2-5 min and that of p is 13-19 
min. Therefore, aspirin disappears rapidly as it is formed from its pro- 
drugs XVII-XIX and never reaches high blood levels. Salicylic acid was 
shown to be the only direct metabolite of aspirin (32). For the methyl- 
sulfinylmethyl2-acetoxybenzoate (XVIII) to give such high aspirin levels 
in the body (Fig. 6), comparable to those obtained after an oral dose of 
aspirin (Fig. 4), a considerable fraction of the dose must be metabolized 
to form aspirin. Thus, at least XVIII is a true aspirin prodrug. 


The analgesic efficacy of aspirin in the dog and the correlation between 
such analgesia and the plasma levels of aspirin and its primary metabolite, 
salicylic acid, were studied (35). It was concluded that the onset and 
duration of aspirin analgesia after oral and intravenous administration 
cannot be correlated with plasma aspirin levels and that, during analgesia, 
aspirin can only be detected in extremely low concentrations because of 
its rapid hydrolysis to salicylic acid. Therefore, although XVIII is the only 
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Figure 6-Blood levels of methylsulfinylmethyl 8-aeetorybenzoate 
(XVIII) (A), aspirin (a), and salicylic acid (0) after administration 
of an intravenous dose of 370 mg of XVIII to a 9.2-kg dog (top) and an 
oral dose of 620 mg of XVIII to a 9.0-kg dog (bottom). 
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Figure 7-BlOOd leuels of salicylic acid (0) after administration of an 
intravenous dose of 115 mg of methylsulfonylmethyl2-acetoxybenzoate 
(XIX) to a 9.2-kg dog (top) and an oral dose of 750 mg of X I X  to a 9.2-kg 
dog (bottom). 


one of the three aspirin derivatives that gives detectable blood levels of 
aspirin in the dog, this finding does not necessarily mean that XVII and 
XIX are not useful prodrugs. This is particularly true since aspirin is 
metabolized about three times faster in dogs than in humans. Based on 
the human plasma cleavage data, XVII results mainly in the salicylate 
XIV. On the other hand, the methylsulfonylmethyl ester (XIX) has 
solubility problems. Thus, at least the methylsulfinylmethyl ester XVIII 
is a promising aspirin prodrug. 


Similar prodrugs should be useful for improved delivery of a wide va- 
riety of acidic drugs, including the various known anti-inflammatory 
agents. 
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Abstract 0 Sedimentation field-flow fractionation (FFF) is a new 
technique that separates and characterizes submicron particles. In the 
present work, two independent sedimentation FFF methods are pre- 
sented to characterize bovine serum albumin microspheres in terms of 
particle size, polydispersity, and diffusion coefficient. Particle diameters 
and polydispersities determined by the two sedimentation FFF methods 
were in excellent agreement with each other and in good agreement with 
values calculated from transmission electron microscopy (TEM) mea- 
surements. The diameters calculated from the two FFF methods and 
TEM were 0.349,0.346, and 0.354 pm, respectively. 


Keyphrases Field-flow fractionation-characterization of albumin 
microspheres Microspheres-albumin, characterization by field-flow 
fractionation Particle characterization-by field-flow fractionation 


R = 6 A  (Eq. 2) 


The value of X is determined by field strength, particle characteristics, 
and various experimental parameters. For spherical particles of diameter 
d: 


X = l/w = 6kT/rd3wApG (Eq. 3) 


where w is the channel thickness, k is Boltzmann's constant, T is the 
absolute temperature, Ap is the difference between particle and carrier 
solution density, and G is the field strength in units of acceleration. The 
combination of Eqs. 1-3 yields: 


d = ( 36kT )''3VrL,3 
RW ApGVO (Eq. 4) 


Field-flow fractionation (FFF) is a high-resolution 
method capable of separating and characterizing a wide 
variety of macromolecules and particles of submicron and 
larger size (1,2). Examples of materials previously studied 
include lattices (31, viruses (41, proteins ( 5 ) ,  emulsions, 
liposomes, and blood cells. 


In FFF, separation occurs in a thin-flow channel. A 
carrier solution transports components through the 
channel a t  different rates and then carries them to a col- 
lection device and/or a detector. The rate of migration is 
controlled by an external field (which retards migration) 
applied across the channel perpendicular to the flow. 
Different external fields lead to different "subtechniques" 
of FFF. Sedimentation FFF is a subtechnique utilizing a 
gravitational or centrifugal field. 


The degree of retention (retardation relative to the 
carrier solution) in sedimentation FFF is determined by 
the particle mass and density, field strength, and carrier 
solution density. Field strength, flow rate, and carrier so- 
lution density can be varied to meet the requirements for 
resolution, analysis time, and maximum particle concen- 
tration. A recent review (2) presents details of the appa- 
ratus, applications, and a theory of retention. 


THEORY 


In sedimentation FFF, particles migrate to one wall of the channel 
under the influence of centrifugal forces. This motion is counteracted 
by diffusion. After an appropriate relaxation time, these processes arrive 
at a steady-state balance, and particles of a given size form a diffuse layer 
of mean thickness 1. The magnitude of 1 is smallest for the largest parti- 
cles, which interact most strongly with the field. When flow is started in 
the thin channel, a parabolic flow profile develops, with zero velocity a t  
the walls. Because the speed of elution of a given particle type depends 
on the mean distance, small particles with large 1 values elute ahead of 
large particles. 


The degree of retention in FFF is measured by the retention ratio 
R: 


R = VO/Vr (Eq. 1) 


where Vo is the void volume of the channel and V, is the retention volume 
of the particle zone. For well-retained zones, R is simply related to the 
dimensionless layer thickness retention parameter, X = l/w: 


From this equation, d can be calculated directly from V, if the particle 
density is known. 


In addition, the polydispersity and diffusion coefficient of a particulate 
sample can be calculated from the peak width of the eluted sample as 
measured by the plate height. The theory of plate height ( H )  in sedi- 
mentation FFF specifies that H can be closely approximated by: 


H = xw2(u)/D + gL(Ud/d)' (Eq. 5) 


where D is the diffusion coefficient of the particles, ( u  ) is the mean flow 
velocity of the carrier solution, L is the channel length, and x is the 
nonequilibrium coefficient, which, under normal conditions of high re- 
tention (A - 0), takes the form: 


x = 24A3 (Eq. 6) 


The X-containing term in Eq. 5 is for plate height due to nonequilibrium 
effects. The second term on the right of Eq. 5 represents the polydis- 
persity contribution to H, expressed as a function of Ud, the standard 
deviation of the particle diameter within the sample. 


Diffusion coefficient D can be expressed in terms of d using the 
Stokes-Einstein equation: 


D = kTI3rqd (Eq. 7) 


where q is the viscosity of the carrier solution. 
There are two independent methods whereby polydispersity Ud can 


be calculated from the plate height. In Method A, the value of d is ob- 
tained from retention measurements uia Eq. 4; D can then be calculated 
in terms of d using Eq. 7. The only remaining unknown, Ud, is calculated 
from Eq. 5 once experimental H values are obtained (Experimental). In 
Method B, the flow rate is varied and a plot of H versus ( u )  is prepared. 
From the slope, 24A3w2/D, the value of D is obtained. From the intercept, 
gL(ud/d)', the value of Ud can be calculated. 


EXPERIMENTAL 


Apparatus-The apparatus described previously (2) for sedimenta- 
tion FFF was used with one modification: the seal employed a polytef 
O-ring instead of the rubber ones used conventionally. This modification 
allowed 95% ethanol to be used as a carrier solution. The channel di- 
mensions were length 47.5 X thickness 0.0254 X width 1.00 cm. The void 
volume of the column was measured as 0.90 ml by injection of a nonre- 
tained sample. A controller was used to set the motor speed of the cen- 
trifuge. The rotation rate was measured by a pulse counter connected to 
a slotted disk on the centrifuge shaft. Ancillary equipment included a 
metering pump, a UV monitor for detection at  254 nm, and a chart re- 
corder. 


Plate height H was determined graphically from the elution diagrams 
displayed on the chart recorder in the following manner (6): 


H = (3')' 
5.54 s 
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Lbid peak 


6.21 


6.11 


& 6.01 


i 


5.91 


5.8' 


Table 11-Mean Particle Diameters for Albumin Microspheres 
Determined a at Various Flow Rates. 


/ o  1 I 
20 30 40 


BSA microsphere peak 


I 1  I I 


0.25 0.35 0.45 
d, fim 


1 
0 10 20 30 40 


V,, ml 


Figure 1-Sedimentation FFF fractogram of bovine serum albumin 
(BSA) microspheres. Field strength was 13,510 cm sec-2, and flow rate 
was 30 mllhr. Retention volume and particle-size scale (from Eq. 3) are 
both shown O,T the horizontal axis. 


where w1/2 equals the peak width on the chart measured at half the peak 
height and s is the distance on the chart from the start of flow to the po- 
sition of the peak maximum. 


Sample-The bovine serum albumin microspheres were prepared 
using a procedure developed earlier (7) for preparation of human serum 
albumin for labeling with technetium 99m to visualize the reticulo- 
endothelial system. Because the microspheres were not intended for 
medical use, the UV irradiation and autoclaving steps were omitted; in- 


Table I-Mean Particle Diameters for Albumin Microspheres 
Calculated art Various Field Strengths from FFF Retention 
Data * 


Revolutions 
per Minute G , cm sec-2 d ,  w 


250 
300 
350 
400 
450 


5277 
7600 


10,344 
13,510 
17.099 


0.353 
0.353 
0.349 
0.349 
0.345 


500 21;110 0.340 
Mean 0.348 
SD 0.005 


Flow rate was 30 mlhr. 


Flow Rate 
mllhr cmlsec d, fim 


23.5 0.257 15.7 0.349 
26.0 0.284 15.5 0.346 
30.0 0.328 15.8 0.349 
34.0 0.372 15.5 0.346 
39.0 0.426 15.4 0.346 
44.0 0.481 14.8 0.341 


Mean 0.346 
SD 0.003 


a Field strength was 460 rpm (G = 13,510 cm sec-*). 


stead, the microspheres were washed three times with ethanol and then 
suspended in ethanol. This preparation was injected into the sedimen- 
tation FFF column and fractionated by the conventional procedure 
(2). 


The microspheres from this preparation were examined by transmis- 
sion electron microscopy to compare the sedimentation FFF results to 
those obtained by an established procedure. The TEM results were cal- 
culated by measuring diameters of 300 particles from photomicro- 
graphs. 


RESULTS AND DISCUSSION 


The first set of experiments consisted of sedimentation FFF runs at  
various field strengths (rotation rates). A typical fractogram is shown in 
Fig. 1. The purposes of these experiments were to verify that the theory 
provides self-consistent results under different experimental conditions 
and to provide redundant data for characterization of the albumin mi- 
crospheres by Method A. The results of these experiments are given in 
Table I. The consistency in d shows the application of theory to be valid 







Table 111-Characterization of Albumin Microspheres by Three 
Methods 


Figure 3-TEM photomicrograph of albumin microspheres. 


over the range of rotation rates investigated (250-500 rpm). The density 
of the particles was assumed to be 1.36 g/ml based on literature values 
(8). 


A second set of experiments was run at  six different flow rates, main- 
taining a spin rate of 400 rpm. The results (Table 11) demonstrate the 
consistency of mean particle diameter measured under different flow 
conditions. These results complement those of Table I in showing the FFF 
results to be independent of experimental conditions. The flow-depen- 
dent runs were also used to obtain the plate height data necessary for 
Method B. The plot of H uersus ( u )  , necessary for Method B, is shown 
in Fig. 2. 


Table I11 summarizes and compares the particle-size and polydispersity 
results obtained from the two FFF methods and the TEM observations. 
The first row of the table shows the results of Method A [called FFF(A)]. 
These results were obtained from the run (Fig. 1) at 400 rpm at a flow rate 
of 30 mlhr. The ability to calculate valid data from just one run is based 
on unpublished results of separate experiments studying many mono- 
disperse polystyrene latex samples on two different apparatus, which 
showed that plate height and thus polydispersity measurements were 
independent of field strength and the apparatus used. Because the in- 


Method d ,  wm U d ,  wm D ,  cm2/sec 


FFF(A) 0.349 
FFF(B) 0.346 
TEM 0.354 


0.040 1.15 X 
0.039 1.13 X 
0.062 - 


strument run time was only 1.5 hr, FFF(A) was the most rapid method 
of characterization. 


The results of Method B [FFF(B)], requiring the calculation of Ud from 
the intercept of the H uersus ( u  ) plot of Fig. 2, are also shown in Table 
111. This measurement of Ud requires more time than needed for FFF(A) 
because several separate runs are required to construct the plot of Fig. 
2. 


The third characterization was by the more conventional electron 
microscopy method. Table I11 lists the results of this characterization 
as well. Figure 3 is a typical photomicrograph from which measurements 
were made. 


Table I11 shows that the two independent FFF methods yield results 
in excellent agreement. These results are further confirmed by reasonable 
agreement with those of electron microscopy. However, the FFF results, 
particularly from Method A, are much more conveniently obtained than 
those from TEM. FFF thus appears to be a rapid and accurate method 
for characterizing albumin microspheres and other submicron parti- 
cles. 
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Abstract [WICaptopril was given as a priming dose, followed by 
constant intravenous infusion for 4 or 6 hr, to three anesthetized dogs 
and three anesthetized monkeys. Blood, urine, and bile samples were 
collected during and after drug infusion. Pharmacokinetic evaluations 
were carried out exclusively on data obtained for unchanged captopril. 
The average total body clearance (CZT) and the renal clearance (C lR)  of 
captopril, in milliliters per kilogram per hour, were 605 and 341 in the 
dog and 1135 and 944 in the monkey. The biliary clearance of captopril 
was negligible in both species. The greater difference between the C l R  
and C ~ T  values in the dog compared to that in the monkey was the result 
of more extensive metabolism of captopril by the dog. Since almost all 
of the radioactive dose was recovered in urine in both species, captopril 
and its metabolites were almost exclusively eliminated by the kidneys. 
One primary reason that body and renal clearance values of captopril were 
much greater in the monkey than in the dog was that the net tubular 
secretion of captopril was about three times greater in the monkey (82%) 
than in the dog (28%). The volume of distribution of captopril was higher 
in the monkey (3.6 Iiterdkg) than in the dog (2.5 literdkg); the volume 
of the central compartment was about the same (0.5 liter/kg) for both 
species. The terminal half-life value was slightly higher in the dog (2.8 
hr) than in the monkey (2.2 hr). 


Keyphrases Captopril-pharmacokinetics in dogs and monkeys using 
radiolabeled drug, continuous intravenous infusion Pharmacokinet- 
ics-captopril in dogs and monkeys, continuous intravenous infusion 0 
Antihypertensives-pharmacokinetics of captopril in dogs and monkeys, 
continuous intravenous infusion 


Captopril, 1- [ (2s) -3-mercapto-2-methyl- l-oxopro- 
pyll-L-proline, is a potent, orally active, specific inhibitor 
of the enzyme that catalyzes the conversion of angiotensin 
I to angiotensin I1 (1). It also was shown clinically to be an 
effective antihypertensive agent (2-4). This study deter- 
mined the pharmacokinetics of captopril in dogs and 
monkeys using [14C]captopril. 


BACKGROUND 


Captopril, a thiol compound, is chemically unstable in biological 
samples and undergoes rapid autoxidation to form the disulfide dimer 
of the parent compound and other unidentified products (5.6). To pre- 
vent or minimize such processes, captopril was converted to its N-eth- 
ylmaleimide derivative in blood, urine, and bile during or immediately 
after sample collection (5,6). 


In previous blood level studies in animals and humans, captopril was 
administered orally, and difficulty was encountered in estimating its 
biological half-life and other pharmacokinetic parameters. This difficulty 
was partly because of the lack of a sensitive specific assay and partly 
because of an apparent nonlinearity in the terminal portions of semi- 
logarithmic plots of blood levels uersus time. It was anticipated that ef- 
forts to obtain pharmacokinetic parameters following a single intravenous 
bolus dose of captopril would have been hampered by the same problems. 
Consequently, to obtain better pharmacokinetic information, it was 
decided to study captopril pharmacokinetics in dogs and monkeys during 
steady-state conditions achieved by continuous intravenous infusion. 


I(* = sites labeled with carbon 14) 


EXPERIMENTAL 


Materials-[14C]Captopril was universally labeled with carbon 14 in 
the proline moiety. Radiochemical and chemical purities were each -98%; 
-2% of [14C]captopril disulfide was present as an impurity. A nonionic 
surfactant', a tissue solubilizeP, and N-ethyl~naleimide~ were used. Other 
chemicals were reagent grade and were obtained commercially. 


Animals-Three male adult purebred beagles (9-11 kg) and three male 
adult rhesus monkeys (6-8 kg) were used. 


Procedure-The study design was identical for dogs and monkeys. 
Each animal was fasted overnight, hydrated orally with water (25 ml/kg 
for dogs; 15 mlkg  for monkeys), anesthetized with intravenous pento- 
barbital sodium (30 mg/kg), intubated with an endotracheal catheter, 
and maintained under anesthesia by constant intravenous infusion of 
pentobarbital sodium (2.7 mglkghr). 


For determination of creatinine clearance, a priming dose of 60 mg of 
creatininehcg was injected intravenously followed by 18 mg/kg/hr in the 
infusate. The infusate also contained phosphate-buffered 5% mannitol 
(pH 7.4) to maintain adequate urine flow. After the start of the infusion, 
the animal was surgically prepared for the collection of bile and urine. 
The cystic duct was ligated, and the common bile duct was cannulated 
near its junction with the duodenum; then both ureters were cannulated 
for urine collection. Urine and bile were collected for consecutive 30-min 
periods, and a blood sample was withdrawn at  the midpoint of each col- 
lection period. After two consecutive control periods, [14C]captopril 
priming and constant infusion doses were started simultaneously. 


For the first dog and monkey, the priming and infusion doses (Tables 
I and 11) were selected using data obtained from preliminary studies; the 
infusions were continued for 4 hr. Subsequently, the doses were deter- 
mined based on results from the first animal of each species such that the 
steady-state concentrations of unchanged captopril in the blood of the 
next two animals of each species were approximately the same as the first 
(0.2 pg/ml). The doses for the last two dogs and monkeys were as follows: 
a priming dose of 0.4 mg/kg (dog) and 1.0 mg/kg (monkey) over a 1-min 
period and constant infusion of 0.1 mg/kg/hr (dog) and 0.2 mg/kg/hr 
(monkey) for 6 hr. [14C]Captopril was infused using a constant infusion 
pump4. After the end of the infusion of [14C]captopril, the 5% mannitol 
infusion was continued, and the animal was kept under anesthesia for 
an additional 8 hr. The 5% mannitol infusate contained creatinine and 
pentobarbital sodium and was infused throughout the study using an- 
other constant infusion pump4. 


Urine and bile were collected every 30 min during [14C]captopril 
infusion, for 3 hr after the end of infusion, and then every 1 hr for the next 
5 hr. A blood sample was withdrawn at the midpoint of each collection. 
All samples were treated with N-ethylmaleimide and analyzed for total 
radioactivity and unchanged captopril. 


Analytical Methods-A thin-layer radiochromatographic assay for 
captopril in blood and urine was described previously (5,6). Bile and urine 
samples were analyzed in an identical manner. This method is quite 
specific for unchanged captopril and has a limit of detection of -10 ng/ml. 
The scintillation cocktail of Anderson and McClure (7) was used to count 
blood and bile samples. The tissue solubilizerz was added to solubilize 
whole blood and bile samples. Urine samples were counted directly in 
Bray's liquid scintillation counting solution5. 


All samples were counted in liquid scintillation spectrometers6. These 
counters were regularly normalized for valid utilization of automatic 
external standardization ratios for determination of disintergrations per 
minute. Known standards were counted to verify the accuracy of the 
instruments. Counting efficiency was determined using automatic ex- 


Triton X-114, Ruger Chemical Co., Irvington, N.J. 
Soluene-350, Packard Instrument Co., Downers Grove, Ill. 
Eastman Kodak, Rochester, N.Y. 
Sigmamotor, Middleport, N.Y. 


Packard Tri-Carb liquid scintillation spectrometers, model 2425 or 3380, 
5 National Diagnostics, Parsippany, N.J. 


Packard Instrument Co. 
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Table I-Pharmacokinetic Parameters Obtained in Anesthetized Dogs during and after Infusion of ['4C]Captopril 


Infusion Data= Postinfusion Data Overall 
Animal Animal Average, 


Pharmacokinetic Parameter H8-113 H6-117 H8-23 Average H8-113 H6-117 H8-23 Average *SD 
Steady-state blood level, pg/ml 
Priming dose, mg/kg 
Infusion dose, mg/k /hr 
Body clearance, ml/fg/hr 
Renal clearance, ml/kg/hr 
Biliary clearance, ml/kg/hr 
Creatinine clearance, ml/kg/hr 
Renal clearance/body clearance 
Renal clearance/creatinine clearance 
Net tubular secretion, %c 
Apparent volume of distribution, literskg 
Volume of central compartment, liters/kg 
Half-life hr 
a, hr- 
@, hr-l 
k12, hr-' 
kzl, hr-l 
kel, hr-1 
k ,  . hr-1 


0.20 
1.37 
0.10 


0.40 


0.71 
1.29 


4.06d 


516 
364 


282 


22 


G 4 d  
- 
- 
- 
- 
- 
- 


0.17 
0.42 
0.12 


0.41 


0.62 
1.35 


2.41 


2.33 


718 
444 


328 


26 


- 


- 
- 
- 
- 
- 
- 


0.21 
0.44 
0.12 


545 
233 


148 
0.55 


0.43 
1.57 


2.86 


3.61 


36 


- 


- 
- 
- 
- 
- 
- 


0.19 
- 
- 


593 
347 


253 
0.45 


0.59 
1.40 


2.63 


2.97 


28 


- 


- 
- 
- 
- 
- 
- 


- 
- 
- 


560 
3436 
- 
- 
0.61 
- 
- 
2.18 
0.63 
2.71 
1.52 
0.26 
0.45 
0.44 
0.89 
0.54 


- 
- 
- 


754 
428 
- 
- 
0.57 
- 
- 
2.59 
0.43 
2.38 
2.60 
0.29 
0.71 
0.43 
1.75 
1.00 


- 
- 
- 


540 
235 - 
- 
0.44 
- 
- 
2.22 
0.40 
2.84 
2.62 
0.24 
1.03 
0.47 
1.37 
0.59 


- 
- 
- 


618 
335 
- 
- 
0.54 
- 
- 
2.33 
0.49 
2.64 
2.25 
0.26 
0.73 
0.45 
1.34 
0.71 


0.19 f 0.02 
- 
- 


605 f 103 
341 f 91 
0.45 f 0.08 
253 f 94 
0.56 f 0.11 
1.40 f 0.15 


28 f 7 
2.45 f 0.28 
0.49 f 0.13 
2.77 f 0.51 
2.25 f 0.63 
0.26 f 0.03 
0.73 f 0.29 
0.45 f 0.02 
1.34 f 0.43 
0.71 f 0.25 _.  


Mean of the last three (Dog H8-113) or eight (Dogs H6-117 and H8-23) consecutive 30-min infusion eriods, considered to be at steady-sfate, * Calculated using all 
data obtained during and after the infusion of [W]captopril (see Fig. 2). c Represents minimum net tuguler secretion since captopril protein binding was assumed to 
be zero (see text for details). d These values were considered to be unreliable because true steady-state was not achieved in this dog; not included in the average. 


Tabie 11-Pharmacokinetic Parameters Obtained in Anesthetized Monkeys during and af ter  Infusion of [14C]Captopril 


Infusion Dataa Postinfusion Data Overall 
Animal Animal Average 


Pharmacokinetic Parameter / 5-31 8-7 8-1 Average 5-31 8-7 8-1 Average +SD 
Steady-state blood level, pg/ml 0.22 0.16 0.27 0.22 - - - - 0.22 f 0.06 


Body clearance, ml/fg/hr 915 1316 823 1018 1262 1551 941 1251 1135 f 285 
Renal clearance, mlkg/hr 997 1174 672 948 10176 11506 6536 940 944 f 229 
Biliary clearance, ml/kg/hr 0.20 0.16 0.18 0.18 - - - - 0.18 f 0.02 
Creatinine clearance, mlkg/hr 200 197 114 170 
Renal clearancemody clearance 1.09 0.89 0.82 0.93 0.81 0.74 0.69 0.75 0.83 f 0.14 
Renal clearance/creatinine clearance 4.98 5.84 6.04 5.56 - - - - 5.56 f 0.56 
Net tubular secretion, %c 80 83 83 82 - - - - 82 f 1.7 
Apparent volume of distribution, literskg 3.92 2.55 2.52 3.00 4.67 5.19 2.91 4.26 3.63 f 1.14 
Volume of central compartment, literdkg - - - - 0.70 0.50 0.34 0.51 0.51 f 0.18 
Half-life (tl/&), hr 2.97 1.33 2.12 2.14 2.57 2.32 2.15 2.35 2.24. f0 .55  
a, hr-1 - - - - 2.66 3.64 3.91 3.40 3.40 f 0.66 
0, hr-1 - - - - 0.27 0.30 0.32 0.30 0.30 f 0.03 
k l z ,  hr-' - - - - 0.73 0.49 1.03 0.75 0.75 f 0.27 
kzl, hr-1 - - - - 0.40 0.35 0.46 0.40 0.40 f 0.06 
k.1, hr-l - - - - 1.80 3.10 2.74 2.55 2.55 f 0.67 
k, , hr-l - - - - 1.45 2.30 1.92 1.89 1.89 f 0.21 


- - - - - Priming dose, mgkg 2.52 0.93 0.97 - 
- - - - - Infusion dose, mg/k /hr 0.20 0.20 0.22 - 


- - 170 f 49 - - 


Mean of the last four (Monkey 5-31) or six (Monke s 8 7 and 8-1) consecutive 30-min infusion periods, considered to be at steady-state. Calculated using all data 
obtained during and after the infusion of [14C]Captoprir(s& Fig. 2). c Represents minimum net tubular secretion since captopril protein binding was assumed to be zero 
(see text for details). 


ternal standardization. The color and chemical quenching of the samples 
were corrected by using appropriately prepared quench curves. All 
samples were prepared and analyzed in duplicate and were counted for 
a minimum of 3000 counts, which resulted in a counting error of 
<1.8%. 


Data Analysis-Pharmacokinetic parameters for captopril were 
calculated from data obtained during the infusion and postinfusion 
phases of the study, using relationships given in the Appendix. 


RESULTS 


In all animals, blood pressure, heart rate, and respiration rate were 
monitored; no major changes were observed in any of these parameters 
during the infusion of [14C]captopril. The creatinine clearance, a measure 
of the glomerular filtration rate, also was found to be reasonably constant 
during the infusion period. 


Pharmacokinetic evaluations were carried out exclusively on data 
obtained for unchanged captopril in blood, urine, and bile during the 
steady-state period and the postinfusion phase. A typical semilogarithmic 
plot of concentrations of unchanged captopril in blood uersus time is 
shown in Fig. 1. In all animals, the blood levels followed a similar pattern 
as a function of time; the levels were initially high due to the priming dose, 
steady-state levels were reached toward the end of the infusion period, 


and the blood levels declined biexponentially during the postinfusion 
period. This biexponential decline of blood captopril concentrations 
indicates that the drug exhibits characteristics of a two-compartment 
open model, with elimination occurring from the central compart- 
ment. 


The priming and infusion doses of [14C]captopril given to the first dog 
(H8-113) and the first monkey (5-31) were selected using limited data 
available from previous blood level studies, which were not designed to 
estimate pharmacokinetic parameters. Because of the relatively short 
duration of infusion and deficiencies in the priming and infusion doses 
initially selected, true steady-state conditions were either just approached 
or attained for only a limited time in the first dog and first monkey. Based 
on the information derived from these two animals, the priming and 
infusion doses of [14C]captopril were modified to attain rapid steady-state 
conditions in an additional two dogs (H6-117 and H8-23) and two mon- 
keys (8-7 and 8-1). 


For the latter animals, the infusion period for [14C]captopril was ex- 
tended from the 4 hr used in the earlier study to 6 hr to maintain 
steady-state conditions for a longer period. As a result, good steady-state 
conditions were attained for the last two dogs and two monkeys. Most 
results for these animals were comparable to those obtained for the first 
animal of each species. Therefore, with few exceptions, the results of the 
various pharmacokinetic parameters were averaged for all three animals 
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Table 111-Excretion of Total Radioactivity and Unchanged Captopril in the Urine and Bile of Anesthetized Dogs and Monkeys 
following Infusion of [ W]Captopril 


Percent of Dose Excretedo 
Dog Monkey 


Excretion Component H8-113 H6-117 H8-23 Average f SD 5-31 8-7 8-1 Average f S D  
Urine Total radioactivity 92.8 95.2 83.8 90.6 f 6.0 91.7 99.9 90.6 94.1 f 5.1 


Capto ril 58.1 61.3 39.4 52.9 f 11.8 80.6 86.7 75.8 81.0 f 5.5 
Bile Total rafSioactivity 0.78 2.65 3.45 2.29f 1.37 0.31 0.49 0.47 0.42 f 0.10 


Captopril 0.04 0.05 0.09 0.06 f 0.03 0.01 0.02 0.02 0.017 f 0.006 
Total (urine and bile) Total radioactivity 93.6 97.9 87.3 92.9 f 5.3 92.0 100.4 91.1 94.5 f 5.1 


Captopril 58.1 61.4 39.5 53.0 f 11.8 80.6 86.1 75.8 81.0 f 5.5 
Cumulative excretion for entire duration of the study (4- or 6-hr infusion period plus 8-hr postinfusion). 


(Tables I and 11). Since pharmacokinetic parameters calculated from both 
steady-state and postinfusion data were comparable for each animal, 
overall averages of all the parameters also were calculated. 


Average clearance values (milliters per kilogram per hour) obtained 
in the dog were 605 (body clearance, C ~ T ) ,  341 (renal clearance, C ~ R ) ,  and 
0.45 (biliary clearance, ClB) (Table I). Average creatinine clearance (ClCJ 
was 253 mllkghr. A comparison of the c1R and Clc, values indicated an 
average minimum net tubular secretion of captopril of 28% in the dog. 
Net tubular secretion values were calculated by assuming no reversible 
(physicochemical) binding of captopril to plasma proteins and, therefore, 
represent minimum estimates. Since N-ethylmaleimide used for stabi- 
lizing captopril hemolyzes blood, plasma could not be obtained for de- 
termination of protein binding. However, in oitro studies done in this 
laboratory showed that, while captopril forms chemically reversible co- 
valent bonds with plasma proteins, its physicochemical (noncovalent) 
binding to plasma proteins is negligible (8). The average volume of dis- 
tribution (vd) in the dog was 2.5 liters/kg, while the volume of the central 
compartment (V1) averaged 4 . 5  literhg. The average terminal half-life 
(tl/&) in blood in the dog was -2.8 hr (Table I). 


In the monkey, the average clearance values, in milliliters per kilogram 
per hour were 1135 ( C l T ) ,  944 (CIR), 0.2 (ClB), and 170 (clcr) (Table 11). 
With the assumption of negligible physicochemical binding of captopril 
to plasma proteins, a comparison of ClR and Clc, indicated an average 
minimum net tubular secretion of 82%. The average vd and V1 values 
were 3.6 and 0.5 literslkg, respectively. The average t 1/28 value in the 
monkey was 2.2 hr (Table 11). 


Renal clearance (c1R)  values for all animals also were calculated by 
using all data obtained and plotting the urinary excretion rate of un- 
changed captopril uersus the blood concentration of captopril a t  the 
midpoint of urinary collection periods. A typical plot is shown in Fig. 2. 
These data provided excellent linearity, as indicated by correlation 
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Figure I-Concentration of unchanged captopril in blood during and 
after infusion of [14Clcaptopril into an anesthetized monkey (8-7). 


coefficient (r2)  values of >0.97 for all animals. The slopes of these lines 
represented the renal clearance values, and the intercept values were clme 
to the expected value of zero. The values obtained for ClR by this method 
were similar to those obtained using only the steady-state data (Tables 
I and 11). 


The excretion data (Table 111) showed that averages of 91% (dog) and 
94% (monkey) of the administered dose were recovered in urine, while 
biliary excretion accounted for only 2.3% (dog) and 0.4% (monkey) of the 
administered dose. 


‘ 


DISCUSSION 


The disposition of captopril i n  humans after oral administration of 
[14C]captopril was reported recently (5); at the time the present study 
in animals was conducted, captopril pharmacokinetics in humans fol- 
lowing intravenous administration of the drug had not been determined. 
Based on the disposition data obtained in humans after oral adminis- 
tration of [“Clcaptopril, there was a lack of correlation between the 
pharmacokinetics and pharmacodynamics of the drug (5). Although 
unchanged captopril was not detected in the blood after 6 hr, other studies 
in hypertensive patients had demonstrated good control of blood pressure 
with a three-times-daily dosing regimen (5). Thus, this study in dogs and 
monkeys was initiated to gain a better understanding of captopril phar- 
macokinetics and to provide information for properly designing phar- 
macokinetic studies in humans. 


Captopril appears to exhibit characteristics of a two-compartment open 
model in both the dog and monkey. In both species, the values for biliary 
clearance were negligible. Although the hepatic clearance of captopril 
could not be directly calculated, negligible biliary clearance of captopril 
indicated that the difference between the total body clearance and renal 
clearance of captopril in both species was primarily due to the metabolic 


, 0.8 1.0 
‘0 ,O 0.2 0.4 0.6 


BLOOD CAPTOPRI L CONCENTRATION, pg/ml 


Figure 2-Renal Clearance of captopril in an anesthetized monkey (8-7) 
during and after infusion of [l4C]captopri1. Slope (ClR) = 1150 mll 
kglhr, y-intercept = 1.8 pglkglhr, and correlation coefficient (r2) = 
0.990. 
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clearance of captopril. Since almost all of the radioactive dose was re- 
covered in urine in both species, captopril and its metabolites were alm& 
exclusively eliminated by the kidneys. 


A comparison of the disposition data in humans (5) and in dogs and 
monkeys (this study) indicated that the majority of the radioactivity 
excreted in urine in these species was unchanged captopril. In addition, 
the major elimination route of captopril in humans was via the kidneys. 
Based on a comparison of fecal excretion of radioactivity in normal 
subjects (5) and in patients with impaired renal function (9) after oral 
administration of [14C]captopril, nonrenal elimination of captopril and 
its metabolites did not increase under conditions of reduced kidney 
function. Thus, to avoid any toxic side effects from accumulation of 
captopril or its metabolites, smaller doses or longer intervals between 
doses of captopril may be necessary in patients with renal impair- 
ment. 


The volume of distribution of captopril was higher in the monkey (3.6 
literdkg) than in the dog (2.5 litedkg); the volume of the central com- 
partment (Vl) was about the same (0.5 liter/kg) for both species. The 
values for distribution rate constants (k12 and k21) were comparable for 
both species. However, the overall elimination rate constant (k,l) in the 
monkey (2.6 hr-l) was about twice that found in the dog (1.3 hr-l) due 
to the higher renal clearance in the monkey. The renal excretion rate 
constant (k,) in the monkey (1.9 hr-1) was also more than twice that 
found in the dog (0.7 hr-l). 


The body and renal clearance values of captopril in the monkey were 
much greater than the corresponding values for the dog, primarily be- 
cause the net tubular secretion of captopril was three times higher in the 
monkey than in the dog. The volumes of distribution of captopril in the 
dog (2.5 literskg) and monkey (3.6 liters/kg) indicated extensive distri- 
bution of captopril throughout the body. 


A comparison of the urinary excretion data between the dog and 
monkey (Table 111) indicated that, while the average amount of total 
radioactivity excreted in urine during the entire experiment was ap- 
proximately the same for both animals, the average amount of unchanged 
captopril excreted in urine was much higher in the monkey. In fact, the 
average ratios of ClR and ClT in the dog (0.56, Table I) and monkey (0.83, 
Table 11) were in excellent agreement with the fractions of the adminis- 
tered dose excreted in urine as unchanged drug in these animals (0.53 and 
0.81, respectively) (Table 111). Thus, the greater difference between CIR 
and Clr values in the dog compared to that in the monkey can be ex- 
plained by the fact that a relatively larger fraction of a given dose of 
captopril was eliminated by a nonrenal mechanism (metabolism) in the 
dog than in the monkey. Biliary excretion accounted for only 2.3% (dog) 
and 0.4% (monkey) of the dose (Table 111). Average fecal excretion of 
radioactivity in unanesthetized dogs and monkeys after single intrave- 
nous doses of [14C]captopril (2.5 mg/kg) was also <2%'. These data in- 
dicate that the low biliary excretion observed in anesthetized animals 
was not due to the administration of a general anesthetic. Thus, in both 
species, the major route for elimination from the body was via the kid- 
neys. 


The terminal half-life value was slightly higher in the dog than in the 
monkey. Problems in estimating the captopril half-life were encountered 
in previous studies in which apparent curvilinearity of semilogarithmic 
plots of blood concentrations versus time had been observed after oral 
administration of captopril in humans and animals (510). This curvi- 
linearity was tentatively attributed to formation of reversible disulfide 
bonds of captopril with proteins. By using a steady-state design for the 
present study, meaningful estimates of the half-life and other phar- 
macokinetic parameters were obtained, and the problems of curvilinearity 
in the semilogarithmic plots of blood concentrations versus time en- 
countered after administration of single captopril doses were avoided. 


APPENDIX 


Total body clearance ( CIT) is the volume of blood cleared of drug 
per unit time, which is a measure of the rate a t  which infused compound 
is cleared or removed from the blood by all mechanisms: 


infusion rate 
blood concentration 


c1T = (Eq. Al) 


Renal clearance ( CIR) is the volume of blood cleared of drug by the 
kidney and excreted in the urine per unit time: 


(Eq. A2) 
renal excretion rate of compound 


blood concentration 
c 1 R  = 


S. M. Singhvi and K. J. Kripalani, unpublished data. 


Equation A2 is also used to calculate the creatinine clearance (a mea- 
sure of glomerular filtration rate) when creatinine is infused along with 
the drug. 


Biliary clearance ( CIB) is the volume of blood cleared of drug by the 
bile per unit time: 


(Eq. A3) 
biliary excretion rate 
blood concentration 


ClB a 


Renal clearance/body clearance reflects the contribution of renal 
excretion to the body clearance of drug. The deviation from 1.0 reflects 
the contribution of nonrenal mechanisms to the body clearance of the 
compound. 


Renal clearance ( CIR )/creatinine clearance ( CIc,) reflects the 
mode of drug excretion by the kidney. A ratio of <1.0 suggests glomerular 
filtration and net tubular reabsorption. A ratio of >1.0 suggests glo- 
merular filtration and net tubular secretion. 


Apparent volume of distribution ( vd) is the theoretical volume of 
water occupied by drug in the body, assuming uniform distribution and 
a concentration equal to that found in the blood: 


(Eq. A4) 


Terminal half-life ( t l&)  is an estimate of the time required by all 


total compound in body 
blood concentration 


vd  


mechanisms to clear half of the drug from the body: 


X 0.693 (Eq. A5) 
volume of distribution 


t1/2' body clearance 
Postinfusion blood concentration data can also be used to calculate 


some parameters calculated by using steady-state data as well as some 
parameters that cannot be calculated by using data obtained during the 
infusion period. The following relationship were used to calculate various 
pharmacokinetic parameters (with the assumption that the compound 
shows characteristics of a two-compartment open model): 


C = A exp (-at') + B exp (-@t') (Eq. A6) 


0%. A7) A =  A1aT 
1 - exp (-aT) 


BiBT B =  
1 - exp 
A'+ B a  kz1= - 


A + B  


kl2 = a + B - k2l- k.1 


v1= total dose infused 
A + B  


total dose infused 
AUC X B vd = 


(Eq. A81 


(Eq. A9) 


(Eq. A10) 


(Eq. A l l )  


(Eq. A12) 


(Eq. A13) 


c 1 R  k ,  =- v1 (Eq. A15) 


CIT = c1R + c1H + ClO 


clfj = ClB + ClM 


(a. A161 


(Eq. A17) 


t ' = t - T  (Eq. A18) 


where A1 and B1 are intercepts on the concentration axis at the point 
when the infusion is stopped (Fig. 1) a n d  


C = concentration of drug at  any time during the post- 
infusion period 


T = time of infusion 
t = time since the start of the infusion 


V1= volume of the central compartment 
vd = apparent volume of distribution 
C ~ H  = hepatic clearance 
C l M  = metabolic clearance 
Clo = clearance by other unknown routes 


AUC = area under the blood concentration versus time curve 
k 12 and k21 = distribution rate constants 


k,l = overall elimination rate constant 
k. = renal excretion rate constant 
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Renal or biliary clearance can be calculated by plotting the rate of 
urinary excretion or biliary excretion against the blood concentration at 
the midpoint of each urinary or biliary collection, respectively. The re- 
sulting slopes represent each corresponding clearance value (Fig. 2 il- 
lustrates the calculation of renal clearance). However, ClH, c l ~ ,  and clo 
cannot be calculated by conventional methods. 


Percent net tubular secretion can be calculated using the following 
relationship: 


percent net tubular secretion = 


x 100 c1R - Cl,, X fraction of unbound compound 
c 1 R  


(Eq. A19) 
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Abstract A fast and sensitive high-pressure liquid chromatographic 
method was developed for the quantitation of doxorubicin, daunorubicin, 
and their aglycones in pharmaceutical preparations. Because its higher 
pH extends column life while permitting determination of impurities, 
this system represents an improvement over previously published 
methods. It utilizes a CIS bonded silica gel column and a solvent system 
consisting of methanol-0.01 M monobasic ammonium phosphate aqueous 
solution (65:35) at pH 4.0 and 1600 psi of pressure. The accuracy of the 
doxorubicin and daunorubicin determinations, expressed as the coeffi- 
cient of variation, is 1.65 and 1.27%, respectively. The aglycones can be 
determined with a precision of <1.3%. 


Keyphrases 0 Doxorubicin-high-pressure liquid chromatographic 
assay, quantitation of impurities 0 Daunorubicin-high-pressure liquid 
chromatographic assay, quantitation of impurities High-pressure liquid 
chromatography-quantitation of doxorubicin, daunorubicin, and their 
aglycones Antibiotics-quantitation of doxorubicin, daunorubicin, 
and their aglycones by high-pressure liquid chromatography 


Doxorubicin (adriamycin) is an anthracycline antibiotic 
(I) consisting of the tetracyclic quinoid aglycone doxoru- 
bicinone (adriamycinone) in a glycosidic linkage to the 
amino sugar daunosamine (1, 2). Doxorubicin has been 
shown to be effective against various human neoplasms (3, 
4). Pharmaceutical preparations of doxorubicin contain 
several impurities such as daunorubicin, daunorubicinone, 
and doxorubicinone, as well as other minor contaminants. 
Some of these impurities, particularly daunorubicin and 
daunorubicinone, are present because doxorubicin is 
prepared from daunorubicin by chemical synthesis (5),  and 
the parent compound and its impurities are carried 


through to the product during the manufacturing pro- 
cess. 


Daunorubicin (11) is a recently approved drug used in 
the treatment of acute leukemia and certain solid tumors 
in humans (6,"). Daunorubicin preparations contain im- 
purities such as daunorubicinone, which may be carried 
through the isolation process of the drug from the fer- 
mentation broth (8). It is important that the potency of 
both doxorubicin and daunorubicin be determined because 
clinical treatment relies on an accurate dosage schedule 
(9). It is equally important to determine the impurities in 
these pharmaceutical preparations, particularly the 
aglycone content, because these impurities are mutagenic 
and have no antitumor activity (10). 
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Abstract A tension cell was designed to measure the gel structure of 
aluminum hydroxycarbonate gel. Equilibrium measurements of the total 
water outflow uersus applied tension give insight into the rigidity of the 
gel structure. Dynamic measurements of the rate of outflow of water at 
various applied tensions yield the capillary conductivity of the gel, which 
is related to the apparent surface area, particle size, and porosity. An 
aluminum hydroxycarbonate gel with a high apparent viscosity exhibited 
an increase in viscosity upon aging a t  25O, which was accompanied by an 
increase in the equilibrium tension of the water phase, an increase in 
A ~ H ~ o ,  and a decrease in capillary conductivity. In contrast, the apparent 
viscosity of a low viscosity aluminum hydroxycarbonate gel, which was 
precipitated from the same reagents but with different precipitation 
temperature, pH, and stirring speed, exhibited a decrease in equilibrium 
water tension, a decrease in Ac~~0, and an increase in capillary con- 
ductivity during aging a t  25". 


Keyphrases 0 Aluminum hydroxycarbonate gel-gel structure mea- 
surement using a tension cell Gels-aluminum hydroxycarbonate, gel 
structure measurement using a tension cell Tension cell-gel structure 
measurement of aluminum hydroxycarbonate gel 


Many physical properties associated with aluminum 
hydroxycarbonate gel are simply a reflection of the par- 
ticular structural arrangement of particles within the gel1. 
The specific structural arrangement is, in turn, a delicate 
function of various parameters such as particle size, shape, 
solids concentration, the nature and amount of any solutes 
present, and the various forces involved, i.e., coulombic 
and van der Waals forces. 


Viscosity is one of the most important physical prop- 
erties of aluminum hydroxycarbonate gel. However, the 
viscosity of aluminum hydroxycarbonate gel varies widely, 
as evidenced by the availability of commercial aluminum 
hydroxycarbonate gels that are semisolids at 9% equivalent 
aluminum oxide content or that are pourable liquids at 9% 
equivalent aluminum oxide. The differences in apparent 
viscosity as well as the high water content of these systems 
suggest that considerable variation exists in the gel 
structure. For this reason, a series of experiments was 
performed utilizing a specially designed tension cell to 
obtain greater insight into the gel structure of aluminum 
hydroxycarbonate gel. The technique developed for this 
study was based on studies of clay systems (1) and offers 
the advantage of very little gel disruption during the ex- 
periment. The data obtained from the tension cell were 
compared to the results of more conventional measure- 
ments such as viscosity and rate of acid neutralization. 


EXPERIMENTAL 


Conditions for the precipitation of aluminum hydroxycarbonate gel 
by the reaction of aluminum chloride, sodium carbonate, and sodium 
bicarbonate were varied (Table I) to produce two aluminum hydroxy- 


A gel will be viewed as a continuous network of particles extending throughout 
the entire volume of the system which is, therefore, homogeneous in appearance. 


carbonate gels of significantly different apparent viscosity. The aluminum 
hydroxycarbonate gel prepared using the conditions described by Ker- 
khof et al. (2) will be termed the high viscosity aluminum hydroxycar- 
bonate gel, and the aluminum hydroxycarbonate gel prepared by Beek- 
man's method (3) will be referred to as the low viscosity aluminum hy- 
droxycarbonate gel. 


X-ray2 (4) and IR? (4) analysis confirmed that both the high and low 
viscosity aluminum hydroxycarbonate gels studied were amorphous 
aluminum hydroxycarbonate (5). 


The rate of acid neutralization was determined by pH-stat titration4 
a t  pH 3.0 and 25" (6). 


Rheograms were obtained using a rotational viscometer5. After being 
stirred to ensure homogeneity, the sample was extruded through a 15- 
gauge needle into a 600-ml beaker and allowed to stand for 1 hr with the 
spindle in place prior to the viscosity determination. 


The tension cell was a modification of pressure cells used in soil sciences 
t,o study the interaction of water with solids (7-9). Preliminary experi- 
ments with a pressure cell indicated that pressures of 0.5 atm (68 cm of 
water) or greater, which are used to characterize water-soil interactions, 
are too large for studying aluminum hydroxycarbonate gel. T o  obtain 
accurately the small driving force needed, a cell capable of applying a 
small negative pressure or tension to the aluminum hydroxycarbonate 
gel was developed. 


Figure 1 shows the construction of the tension cell. A glass cover fit 
loosely ovcr the sample chamber to protect the sample and to minimize 
evaporation. The sample chamber was a plexiglass tube 6.35 cm i.d. X 
6.985 cm a d .  X 17.145 cm in length. A 0.9525-cm notch was machined 
into the outside wall of the sample chamber so that the top base piece 
could be securely attached. A rubber O-ring and a 0.45-pm membrane 
filter were sandwiched between the sample chamber and the bottom base 
piece. An extracoarse sintered-glass disk, 6.19 X 0.476 cm, fit into the base 
and served as a filter support. The bottom base piece was machined so 
a trough system would aid the flow of water to the two outlet ports6. 


Figure 2 is a diagram of the complete tension cell apparatus. The ten- 
sion cell was fastened to a movable plate7, which could be accurately 
positioned by means of a screw gear and vernier system. Water from the 
samples was collected into a buret that  was closed with a stopper con- 
taining a capillary which maintained atmospheric pressure in the buret. 
A three-way stopcock was incorporated in the outlet tubing. 


It is essential that  the volume comprising the membrane filter's pore 
volume, the sintered-glass disk's pore volume, and the outlet tubing be 
completely filled with water before the aluminum hydroxycarbonate gel 
sample is introduced into the sample chamber. The following procedure 
was followed in conducting the tension cell experiments: 


1.  The tension cell was filled from the bottom by adding water through 
the three-way stopcock. Water was allowed to fill the sample chamber 
to a height of -8 cm. 


2. The sample chamber cover was replaced with a large one-hole 
rubber stopper. With the three-way stopcock adjusted to connect the cell 
to the buret, pressure was applied through the hole in the rubber stopper 
to remove any air bubbles in the system. The rubber stopper was replaced 
with the glass cover, and the position of the outlet port was adjusted using 
the screw assembly so that the outlet port was level with the membrane 
filter. At this position, the water in the outlet port had a flat surface; i .e.,  
neither a meniscus or a drop was present. The system was allowed to 
equilibrate for 4-5 hr. 


Kristalloflex 4 generator, type F diffractometer, Siemens AG, Karlsruhe, West 
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Table I-Precipitation Parameters  a 


Moles of Moles of 
Moles of Aluminum Sodium Sodium 


Chloride per Carbonate per Bicarbonate 
per Liter of 


Washed Gel Washed Gel Washed Gel 
End-Point Stirring Liter of Liter of 


TvDe TemDerature DH h e e d .  rDm 


High viscosity 25' 6.5 500 
Low viscositv 4 O  5.8 15 


0.75 
0.80 


0.315 0.805 
0.315 0.805 


~ ~~ ~ ~~ ~ 


a The AIC1~6H~O (0.47 M )  was added to a solution of 0.53 M NaHC03 and 0.23 M NaZC03. 


3. The stopcock was closed to prevent any water flow, and an accu- 
rately weighed sample was added to the chamber by extrusion through 
a 15-gauge needle. 


4. The outlet port was raised so it was level with the top surface of the 
sample. A final adjustment was made in the position of the outlet port 
by opening the stopcock and adjusting the position of the outlet port to 
achieve a flat water surface a t  the outlet port. This was the zero-tension 
position. The sample was allowed to equilibrate for 30 min. 


5. The tension cell was raised 2 cm, and the cumulative volume of water 
in the collection buret was recorded with time. T o  maintain a constant 
tension of 2 cm, the tension cell was raised 0.05 cm for every 1.5 ml of 
outflow. This manner of correction is permissible since it was observed 
in separate measurements that the volume change of the column of alu- 
minum hydroxycarbonate gel is identical to the volume of water that has 
flowed from the aluminum hydroxycarbonate gel. 


6. After the outflow from the sample was zero for 2 hr, the tension cell 
was raised by a predetermined increment (2-cm increments were used), 
and this step was repeated. 


7. After the final tension increment, the sample remaining in the 
sample chamber was collected and accurately weighed. The sample was 
dried to constant weight a t  110'. Loss during transfer never exceeded 
0.05%. 


RESULTS AND DISCUSSION 


Both equilibrium and dynamic measurements are possible through 
the use of the tension cell. Each contributes unique information con- 
cerning gel structure so that structural differences are readily ascer- 
tained. 


i 1 


/ 0 // 


I 


I 


Figure  1-Components of tension cell. Key: A, couer; B, sample 
chamber; C ,  top base; D, O-ring; E, sintered-glass disk; F, bottom base; 
and  G, membrane filter. 


In the case of the simple and more easily treated equilibrium data, 
where total water outflow is examined as a function of applied tension, 
the particular gel characteristic examined is structural rigidity. Since the 
volume of water outflow is equal to the volume change of the aluminum 
hydroxycarbonate gel during the experiment, the ability of a gel to res'ist 
collapse of its structural framework may be directly observed by mea- 
suring the amount of water released as a consequence of an applied ten- 
sion. The experiment may be analyzed either in terms of simply plotting 
the equilibrium water content of the aluminum hydroxycarbonate gel 
as a function of applied tension or in terms of the following thermody- 
namic quantity (10-15): 


ACH~O = -ijpgT (Eq. 1) 


where 0 is the molar volume of water, p is the density of water, g is the 
gravitational constant, and T is the tension increment. Thus, A ~ H ~ O  
represents the work required per mole of water to remove water from the 
system with the accompanying compression of the particles into a smaller 
Volume. If AG'H~O is large, the particles are pushed closer together only 
with difficulty due either to large cohesive forces between particles that  
prevent distortion of the gel structure or to repulsive forces (primarily 
coulombic repulsion) that prevent particle surfaces from approaching 
more closely. The latter force becomes much more pronounced only a t  
higher solids concentrations. 


Figure 3 shows the equilibrium water content of the high and low vis- 
cosity gels. As water was removed from either aluminum hydroxycar- 
bonate gel, the further removal of water became increasingly more dif- 
ficult, A greater rigidity of gel structure was indicated when the tension 
uersus equilibrium water content curve rose more abruptly a t  low tension 


I 


7 


II UA 


'T ---f7------- 


I v/ 


Figure 2-Schematic of tension cell apparatus. Key: C, tension cell; 
UA, moveable plate assembly; B, collection buret; and G, sample gel. 
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l o r  i t  T 1 
- \ o h  4 -3.384 


'8 '1 1-0.846 


EQUILIBRIUM WATER CONTENT, % 


Figure 3-Effect o/ equilibrium water contentzn the water tension and 
change in partial molar Gibbs free energy, A G H ~ o .  T h e  high viscosity 
gel was aged 2 (O), 6 (O),  and 14 (8)  weeks at 25". The  low uiscositygel 
was aged 2 (a), 10 (m), and 14 (p) weeks at 25". 


values. The rigidity of the gel structure changed with age (Fig. 3). The 
high viscosity gel became considerably more rigid as it aged, whereas the 
low viscosity gel became less rigid with aging. These opposing trends 
demonstrate that different procedures of aluminum hydroxycarbonate 
gel preparation can lead to substantially different physical behavior both 
immediately after precipitation and during aging. 


Dynamic measurements also are readily made with the tension cell. 
Darcy's law (l), which was developed to describe flow through porous 
media, provides the basis for analyzing the rate of water outflow a t  various 
applied tensions: 


K A T  . 


L 4 = -  


where q is the rate of flow through the solid phase (cubic centimeters per 
minute); K is the capillary conductivity (centimeters per minute); A is 
the cross-sectional area of the solid phase (centimeters squared); T is the 
driving potential, i .e.,  tension head of water (centimeters); and L is the 
length of the gel slab (centimeters). 


The apparent surface area of the gel, particle size, and porosity all are 
interrelated. A qualitative measure of these parameters is provided by 
examining the relative ease with which water may flow through the sys- 
tem. This examination involves time-dependent measurements, whereas 
only equilibrium measurements were involved in evaluating structural 
rigidity of the gel structure. The rate of water outflow is measured so that 
an estimate of capillary conductivity, K ,  may be obtained (8,9,16). This 
quantity reflects the resistance to water flow offered by the gel particles. 
A large K value implies a low resistance to water flow, which, in turn, 
indicates lower apparent surface area, larger particles, and higher po- 
rosity. 


Figure 4 illustrates the capillary conductivity data obtained for the two 
aluminum hydroxycarhonate gels. With both gels, resistance to the flow 
of water through the system increased as the water content decreased. 
Opposite trends were again observed during aging. The high viscosity 
gel became more resistant to water flow as it aged, whereas the low vis- 


P 6r 


SHEAR FORCE X 10-4 cp - rprn 


Figure 5-Rheograms of the high viscosity gel during aging at 2.5". Key: 
A, 1 day; a, 4 weeks; 0,8 weeks; and 0,  12 weeks. 


1 .o 2.0 3.0 4.0 
SHEAR FORCE X cp - rpm 


Figure 6-Rheograms of the  low viscosity gel during aging at 25O. Key: 
A, I day; 0 , 4  weeks; 0 , 8  weeks; and 0 , 1 2  weeks. 


cosity gel allowed water to flow more rapidly through its interparticle 
space upon aging. Both the equilibrium and dynamic measurements in- 
dicate that as the gels age, their behavior with respect to water removal 
changes, which is an important property to consider in the use of alu- 
minum hydroxycarbonate gel dosage forms. The different gel structures 
exhibited by the two aluminum hydroxycarbonates also will influence 
manufact,uring processes in which the solids concentration is changed, 
such as in concentrating or washing. 


The rheograms for both the high and low viscosity aluminum hy- 
droxycarhonate gels (Figs. 5 and 6, respectively) indicate thixotropic, 
shear-thinning systems. The apparent viscosity of the high viscosity gel 
and the degree of hysteresis increased during aging. In contrast, the low 
viscosity gel exhibited a decrease in viscosity with aging but no change 


5 10 15 
WEEKS 


Figure 7-Effect of aging at 25" on the  rate of  acid neutralization of 
the high uiscositygel (0) and the low viscosity gel (0).  
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in the degree of hysteresis. These facts suggest a substantial increase in 
the cohesive forces operating between particles of the high viscosity gel 
and a decrease in the level of cohesion for the low viscosity gel. 


Alteration of the degree of particle-particle cohesion due to changes 
in the level of particle charge was established previously (17). It was 
shown that additional charge provides sufficient coulombic repulsion 
to overcome the van der Waals attraction forces so that the apparent 
viscosity decreases. Examination of the rates of acid neutralization by 
the two aluminum hydroxycarbonate gels (Fig. 7) indicates a significant 
decrease in the rate o f  acid neutralization of the low viscosity gel but no 
appreciable change for the high viscosity gel. This behavior indicates that 
crystallinity develops in the low viscosity gel, eventually leading to the 
formation of a crystalline form of aluminum hydroxide such as gibbsite, 
which is free of carbonate (5,18). The transformation to a carbonate-free 
aluminum hydroxide results in an increased zero point of charge (17) and, 
therefore, a buildup of charge on the low-viscosity gel. Thus, the apparent 
viscosity, gel structure rigidity, and resistance to water flow would be 
expected to decrease as was observed. With the high viscosity gel, the 
relatively stable rate of acid neutralization during the time period studied 
indicates that  no buildup of charge occurs so that the natural tendency 
of a gel to form the most stable arrangement of particles with the maxi- 
mum degree of particle-particle linking is observed. Thus, an increased 
apparent viscosity, an enhanced gel structure rigidity, and a decreased 
capillary conductivity are consistent with the proposed mechanism. 


CONCLUSIONS 


The tension cell is useful for examining the physical state of a gel, 
especially when compared to other methods such as viscosity measure- 
ment where large inputs of mechanical energy in the form of shear stress 
may disrupt the gel structure. The tension cell is capable of providing 
meaningful data with a firm basis provided by thermodynamic and ki- 
netic theory. The data reported here were obtained with considerable 
difficulty because of the necessity for position readjustment of the tension 
cell to maintain a constant tension, the long duration of the experiments, 
and the frequent tabulations of data required for the dynamic mea- 
surements. Early experiments, in which adjustments to maintain a con- 
stant tension during water outflow were not performed, did not produce 
satisfactory data. The manual adjustment of cell position to maintain 
a constant tension was essential in obtaining meaningful results. However, 
some of the scatter observed in Figs. 3 and 4 may have been due to un- 
avoidable mechanical disturbances of the gel structure through the 
manual repositioning of the tension cell. Consequently, various methods 
for automating the tension cell are being tested so that acquiring the 
necessary data will be more convenient and more precise data may be 


obtained. 
Future experiments are planned with the tension cell to give insight 


into various roles played by particle charge, size, and shape. The effects 
of surface charge and particle size on the compressibility of aluminum 
hydroxycarbonate gel are examined specifically in a subsequent re- 
port. 
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Abstract The effect of ethyl myristate on the release rate of 4-hexyl- 
resorcinol from petrolatum base was studied a t  pH 7.4 and 37’. 4-Hex- 
ylresorcinol was analyzed spectrophotometrically a t  278 nm. The release 
rate of hexylresorcinol from the ointments was directly proportional to 
the square root of time and depended on the percentage of ethyl myristate 
in the ointment base. For 0,0.5,1,3, and 5% of ethyl myristate, the release 
rates were 29.6,35.4,38.3,55.7, and 70.0 pg/hr1/2/cm2, respectively. The 
solubility of hexylresorcinol in the petrolatum base was determined as 
a function of ethyl myristate using partitioning techniques. The en- 
hancement in hexylresorcinol solubility was rationalized on the basis of 


1:1 and 1:2 complexes between hexylresorcinol and ethyl myristate. The 
complexation constants of these complexes were estimated to be 10 M-’ 
and 206.1 M-2, respectively. The diffusion coefficient of hexylresorcinol 
in the petrolatum base was estimated to be 1.31 X 


Keyphrases 0 Release rate-effect of ethyl myristate on release of 4- 
hexylresorcinol from petrolatum, quantitative analysis Ethyl myris- 
tate-effect on release rate of 4-hexylresorcinol from petrolatum, 
quantitative analysis 0 4-Hexylresorcinol-effect of ethyl myristate on 
release rate from petrolatum, quantitative analysis 


cm2/sec. 


Percutaneous’ absorption depends on both drug release 
from the vehicle and drug permeability through the skin. 


Drug release depends on physicochemical factors, such as 
the drug’s solubility and diffusion coefficient in the vehicle. 
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Improved Delivery through Biological Membranes IX: 
Kinetics and Mechanism of Hydrolysis of 
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Abstract  0 The complex kinetics and mechanism of the hydrolysis of 
the methylthiomethyl, methylsulfinylmethyl, and methylsulfonylmethyl 
2-acetoxybenzoates, novel aspirin prodrugs, were studied. The pH profiles 
for the related salicylates and henzoates also were determined. Based on 
the activation parameters, isotope effects, and other data, it was estab- 
lished that the methylthiomethyl esters hydrolyze via a unimolecular 
alkyl-oxygen cleavage. The methylsulfinylmethyl and methylsulfonyl- 
methyl 2-acetoxybenzoates undergo neutral hydrolysis of esters a t  pH 
> 4 to form aspirin, while water acts as a general base; hut at lower pH, 
a different mechanism takes place and the o -acetyl group cleaves first, 
releasing the corresponding salicylates. 


Keyphrases Methylsulfinylmethyl 2-acetoxybenzoate-kinetics and 
mechanism of hydrolysis 0 Prodrugs, aspirin-methylsulfinylmethyl 
2-acetoxybenzoate, kinetics and mechanism of hydrolysis Hydrol- 
ysis-kinetics and mechanism established for methylsulfinylmethyl 
2-acetoxybenzoate and other related aspirin prodrugs 


The results of the in vitro enzymic cleavage studies and 
the in uiuo blood level data (1) indicate that the novel as- 
pirin derivatives of the methylsulfinylmethyl and related 
ester type are promising, true aspirin prodrugs. These 
observations warranted a detailed study of the complex 
kinetics and mechanism of the chemical hydrolysis of these 
esters. Theoretically, the new prodrugs can hydrolyze in 
two steps uia two routes (Scheme I). 


Thus, the pH profiles for the hydrolysis of 111-V and 
VJ-VIII were determined and compared to that of aspirin 
and simple related benzoates [methylthiomethyl benzoate 
(IX), methylsulfinylmethyl benzoate (X), and methyl- 
sulfonylmethyl benzoate (XI)]. The various activated es- 
ters (methylthiomethyl, methylsulfinylmethyl, and 
methylsulfonylmethyl) and the o -phenolacetates may have 
different mechanisms of hydrolysis a t  the various pH 
values. The influence of ionic strength, dielectric constant, 
activation parameters, and solvent isotope effects also was 
studied to elucidate the mechanism of the hydrolysis and 
to explain the shapes of the pH profiles. 


Comparison of the chemical and the enzymic hydrolysis 
revealed interesting differences. 


EXPERIMENTAL 


Instrumentation-The high-pressure liquid chromatographic 
(HPLC) method (1) was used for the determination of aspirin (I), salicylic 
acid (II), the aspirin derivatives (111-V), and the salicylates (VI-VIII), 
except at pH > 9.55. At these pH values, the hydrolytic rate constants 
were determined directly spectrophotometrically at 349 nm using a 
spectrophotometer' equipped with a thermostated cell compartment 
maintained a t  50.8' by a circulating water bath. 


The phenolic pKa values of VI-VIII were determined' spectrophoto- 


rou te  1 


a C O O H  (XOCHS 


111: X = SCH, I1 
IV: X = SOCH, 
V: X =  SO,CH, kz / 


VI: X = SCH, 
VII: X = SOCH, 


VIII: X = SO,CH, 


rou te  2 
Scheme I 


metrically at  room temperature. Four ovens were used in the determi- 
nation of the activation parameters. A research pH meter2 was equipped 
with a combination glass electrode standardized a t  the temperature a t  
which the kinetic data were obtained. 


Materials-All buffer solutions for kinetic studies were prepared from 
deionized water that  was boiled for 5 min to liberate the dissolved gases 
and cooled under nitrogen. Sufficient water was added to weighed 
amounts of various buffer salts to yield a solution of the desired molarity 
and ionic strength. The buffer solutions were thermostated a t  50.8' where 
the pH and volumes were adjusted. All buffer solutions were stored under 
nitrogen in a refrigerator and used within 1 week. Where the buffer ca- 
pacity was questionable, the pH was checked following each kinetic run. 
All chemicals used were analytical grade. 


Determination of Hydrolytic Rate Constants-For the determi- 
nation of the hydrolysis rate constants of aspirin ( I ) ,  its derivatives 
(111-V), and related compounds (VI-XI), 50 pl of a concentrated aceto- 
nitrile solution of each ester was added separately to 10 ml of buffer, 
previously equilibrated to the desired temperature in a water bath, and 
mixed thoroughly to  give an initial concentration of 5 X mole/liter. 
All reactions were run under pseudo-first-order conditions. Aliquots (100 
PI)  were injected into the column a t  various intervals, and the pseudo- 
first-order rate constants were determined from the disappearance of 
the compound by linear regression of natural logarithm of the peak height 
versus time plots. The half-life, correlation coefficient, and standard error 


1 Cary 219. 
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Figure 1-Kinetics of hydrolysis of methylthiomethyl Z-acetoxyben- 
zoate (III) (+) in 0.01 M carbonate buffer (pH 9.55) at 50.8' and 0.1 M 
ionic strength to  form methylthiomethyl2-hydroxybenzoate (VZ) (A), 
aspirin (1) (O), and salicylic acid (II) (0). 


of the rate constant were calculated for each run (2). 
A t  lower pH values, where hydrolysis was slow, the reaction mixture 


was introduced into ampuls of 1 or 2 ml, sealed under nitrogen, and im- 
mersed in a thermostated bath. Individual ampuls were withdrawn at  
various times, and the concentrations were determined using HPLC. At 
higher pH values, where the disappearance of absorbance at  349 nm was 
followed, 20 p1 of a concentrated solution of the reactant in acetonitrile 
was added to 3 ml of buffer in a 1-cm quartz cell previously equilibrated 
to 50.8' in the cell compartment of the spectrophotometer. The cell was 
closed and shaken to ensure mixing. The pseudo-first-order rate constant 
was determined by linear regression of h ( A t  - A m )  uersus time, where 
A,  is the absorbance a t  349 nm after 10 half-lives and At is the absorb- 
ance at  time t .  


Determination of Phenolic pKa Values of VI-VIII-The pKa 
values for the 2-hydroxybenzoates (VI-VIII) were determined spectro- 
photometrically at  room temperature (23'). Five tris(hydroxymethy1)- 
aminomethane and three carbonate buffers of ionic strength 0.1 M (using 
sodium chloride) were prepared a t  23' in the pH 8.38-10.14 range. The 
UV absorption of the undissociated and dissociated forms was deter- 
mined in 0.1 N HCl and 0.01 M NazC03 solutions. A solution (100 ~ 1 )  of 
the compound in acetonitrile was added to 3.00 ml of buffer at  time zero. 
Due to the rapid hydrolysis of the ester(s), the decrease in absorbance 
at  23' was followed a t  a given wavelength for a short time, and the ab- 
sorbance at  time zero was found by extrapolation. The pKa values were 
calculated using pKa = pH - lOg(aobs - aHA)/((IA- - sobs), where sobs 
is the absorbance of the solution tested, UHA is absorbance of the union- 
ized species, and aA- is the absorbance of the ionized species. The pKa 
of methylthiomethyl2-hydroxybenzoate (VI) was 9.60 f 0.01; it was 9.00 
f 0.2 and 8.91 f 0.02 for methylsulfinylmethyl2-hydroxybenzoate (VII) 
and methylsulfonylmethyl2-hydroxybenzoate (VIII), respectively. 


Determination of Activation Parameters for I11 and VI-VIII 
Hydrolysis-The change in the reaction rates with temperature for the 
hydrolysis of VI-VIII in 0.1 N HC1 (pH 1.1) and of 111 in unbuffered 
aqueous solution (pH 5) was studied. The ionic strength was maintained 
at  0.1 M with sodium chloride. Because of the slow reaction, the activation 
parameters for the hydrolysis of VII and VIII were determined using 
solutions of the compounds sealed in ampuls and stored at  constant 
temperature for various intervals in four ovens maintained at  35.8,44.0, 
61.0, and 102.8', respectively. The activation parameters for 111 and VI 
hydrolysis were determined by measuring the pseudo-first-order rate 
constants at  50-30'. 


Influence of Ionic Strength and Dielectric Constant-The effect 
of the solvent ionic strength (0.05-0.5 M NaCl) on 111 hydrolysis in un- 
buffered aqueous solutions was studied at  50.8'. The effect of the solvent 
dielectric constant on the reaction rate also was investigated at  50.8O in 
an aqueous solution containing up to 30% dioxane. The dielectric constant 
of each water-dioxane mixture was calculated at 50.8' (3). The pseudo- 
first-order rate constants were determined using HPLC to follow the 
disappearance of 111 as a function of time. 
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Figure 2-Kinetics of hydrolysis of methylsulfinylmethyl Z-acetoxy- 
benzoate (IV) in 0.01 M carbonate buffer (pH 9.55) a t  50.8" and 0.1 
M ionic strength to form methylsulfinylmethyl-2-hydrorybenzoate (VIZ) 
(A), aspirin (O), and salicylic acid (0). 


Solvent Isotope Effect-The deuterium solvent isotope effects on 
the hydrolysis rate of 111, VII, and VIII were measured a t  50.P and ionic 
strength 0.1 M .  The pseudo-first-order rate constants were determined 
as described. The hydrolysis rate constants for VII and VIII were de- 
termined in 0.1 N DCl solution in deuterium oxide (pD 0.9). 


RESULTS AND DISCUSSION 


The hydrolysis rate constants were all first order for the Z-acetoxy- 
benzoates (111-V). The pseudo-first-order rate constants (k&) for the 
three 2-acetoxybenzoates were determined by HPLC following the dis- 
appearance of the compound as a function of time a t  pH 1.13,2.64,4.00, 
7.96, and 9.55 at  four buffer concentrations at  50.8 f 0.2" and ionic 
strength 0.1 M. The kinetics of the disappearance of I11 and the formation 
of the various hydrolysis products (I, 11, and VI) are exemplified in Fig. 
I (pH 9.55 a t  50.8O). Under the same conditions, IV gave only traces of 
the salicylate (VII) (Fig. 2) while the most reactive V hydrolyzed only to 
aspirin (Fig. 3). 


4.01 3.5 


t ' 3.0- 
X 
II: 
w k 2.5- 
J 
U 
p" 2.0- 


0 1.5- 


v, 
w 
1 


5 


1.0- 


10 20 30 40 50 60 7 0  80 90 


MINUTES 
Figure 3-Kinetics of hydrolysis of methylsulfonylmethyl Z-acetory- 
benzoate (V) (+) in 0.01 M carbonate buffer (pH 9.55) at 50.8" and 0.1 
M ionic strength to form aspirin (0) and salicylic acid (0). 
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Table I-Pseudo-First-Order Hydrolytic Rate  Constants a t  Zero Buffer Concentration (ko) for the Disappearance of 
Methylthiomethyl (111), Methylsulfinylmethyl (IV), and  Methylsulfonylmethyl (V) 2-Acetoxybenzoates at 50.8 f 0.2" and 
0.1 M Ionic Strength 


I11 IV V 
Buffer PH ko, min-I t 112, min ko, min-' tliz, hr ko, min-' t 112, hr 


0.100 N HCl 1.13 8.26 X 8.39 1.15 x 10-3 10.0 0.90 x 10-4 11.7 
Monochloroacetate 2.64 5.68 X 12.2 5.56 X 208 5.15 X 224 
Succinate 4.00 6.10 X 11.4 2.60 x 10-5 444 1.95 X 592 


Carbonate 9.55 0.17 4.1 0.32 0.04 0.48 0.02 
Tris( hydroxymethy1)aminomethane 7.96 6.39 X 10.8 9.30 x 10-3 1.24 1.27 X 0.91 


Table 11-Acid-Catalyzed, Base-Catalyzed, and Spontaneous 
Hydrolytic Rate Constants for Methylthiomethyl (110, 
Methylsulfinylmethyl (IV), and Methylsulfonylmethyl (V) 
2-Acetoxybenzoates 


Rate 
Constant I11 IV V 


2.97 X lo-' 1.48 X 1.42 X kH 


knw 5.61 X lo2 1.75 x 103 2.50 X I d  
k HzO 6.06 X lo-' 2.35 x 10-5 1.86 x 10-5 


Conditions of 50.8 I. 0.2" and ionic strength 0.1 M (sodium chloride). kH is 
the specific acid hydrolytic rate constant in liters per mole minute, kH2? is the 
spontaneous hydrolytic rate constant in minutes-', and koH is the specfic base 
hydrolytic rate constant in liters per mole minute. 


The k o b  values were plotted against the buffer concentration, and the 
rate constants at zero buffer concentration ( k o )  were obtained by linear 
regression (Table I). Only the carbonate buffer had any effect on the 
hydroxide-ion-catalyzed hydrolysis of I11 (slope = 2.50 f 0.30) and IV 
(slope = 2.00 f 0.01), but it had little effect on V hydrolysis. Tris(hy- 
droxymethy1)aminomethane catalyzed the hydrolysis of IV (slope = 0.201 
f 0.007) and V (slope = 0.264 f 0.009) but showed a very small effect on 
111 (slope = 7.8 f 0.4 X Succinate buffer had a significant effect 
on the hydrolysis of V (slope = 3.15 f 0.49 X lov4) but little or no effect 
on the hydrolysis of the other two 2-acetoxybenzoate esters. The mono- 
chloroacetate buffer had a much smaller effect. The main degradation 
products at each pH were identified by HPLC to be the compounds ac- 
cording to Scheme I. At pH 4.00, 7.96, and 9.55, the main hydrolysis 
product was aspirin, which hydrolyzed further to salicylic acid (route 1, 
Scheme I); a t  pH 1.13, IV and V hydrolyzed to form only the corre- 
sponding 2-hydroxybenzoate esters (VII and VIII) (route 2), which are 
stable at low p H  no aspirin was formed. Compound 111 hydrolyzed mainly 
through route 1 at  all pH values studied. The pH profiles for 111-V, to- 
gether with aspirin (I), are shown in Fig. 4. The curves for 111-V can be 
described as a simple ester hydrolysis by: 


ko = kHaH+ + kHnO f koHaoH- (Es. 1) 


where kH20 is the rate constant for spontaneous water hydrolysis and k H  
and koH are the rate constants for catalysis of the hydrolysis by hydro- 
nium and hydroxide ions, respectively. 


The kH, kHzO, and koH values in Table 11 were calculated from the 
pseudo-first-order rate constants given in Table I using pKw = 13.26 at  
50° (4). At pH 7.96, kl (Scheme I) was calculated by measuring the ap- 
pearance of aspirin (Table 111). In the hydrolysis of IV and V, tris(hy- 
droxymethy1)aminomethane mainly affected k z  but had little effect on 
k l .  At 0.04 M tris(hydroxymethy1)aminomethane concentration, -50% 
of the hydrolysis went through route 1; but at zero buffer concentration, 
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Figure 4-Experimentally determined pH-rate profiles for hydrolysis 
of the methylthiomethyl (III) (o), methylsulfinylmethyl (IV) (o), and 
methylsulfonylrnethyl (V) (A) 2-acetorybenzoates at 50.8 f 0.2O and 
0.1 M ionic strength. The smooth curves from pH 0.5 to 10 were calcu- 
lated using Eq. 1 and the constantsgiven in Table I I .  The erperimen- 
tally determined pH profile of aspirin (I) ( 0 )  was included for com- 
parison. The curve was calculated using Eq. 5.  


this route increased to -90%. About 90% of the hydrolysis of 111 occurred 
uia route 1 at all buffer concentrations; thus, its hydrolysis was catalyzed 
only very slightly by this buffer. 


Hydrolysis of the possible intermediate salicylates (VI-VIII) also was 
studied. All the pseudo-first-order rate constants ( k o b )  for the hydrolysis 
of the 2-hydroxybenzoates (VI-VIII) were determined at  pH 1.13,2.02, 
2.64,4.00,5.97,6.86,7.96,8.82,9.55,10.90, and 11.86 at  four buffer con- 
centrations at 50.8 f 0.2O and ionic strength 0.1 M. The rate constants 
at zero buffer concentration (ko )  were obtained by extrapolation (Table 
IV). 


Of the seven buffers, only the two trimethamine buffers had any sig- 
nificant effect on the hydrolysis rate. In the case of VI, this catalyzing 
effect was rather small at pH 7.96, and no effect was observed at pH 8.82. 
At pH 7.96, the slopes were 1.50 f 0.06,l.Ol f 0.08, and 2.23 f 0.39 for 
VI, VII, and VIII, respectively. The pH rate profiles (Fig. 5) were fitted 
by computer to: 


ko = f a a d k H z 0  -I- fbasekkzo (Eq. 2) 


where ~ H ~ O  and kh20 are the rate constants for the spontaneous water 
hydrolysis of the undissociated and dissociated reactant, respectively, 


Table 111-Pseudo-First-Order Hydrolytic Rate  Constants of Methylthiomethyl (111), Methylsulfinylmethyl (IV), and 
Methylsulfonylmethyl (V) 2-Acetoxybenzoates in Tris(hydroxymethy1)aminomethane Buffers at pH 7.96.50.8 f 0.1". and 0.1 M Ionic 
Strength 


111 IV V 
Buffer, k' a ,  k i ,  Route k' a ,  hi,  Route k' a ,  k i ,  Route 


M min-l min-' l b .  % min-1 min-1 l b ,  90 min-1 min-1 l b ,  % 


78 0.01 6.57 X 6.2 X 94 1.12 x 10-2 8.1 X 72 1.54 X 
0.02 6.65 X 6.1 X 92 1.35 X 8.ox 10-3 59 1.77 X lo-* 1.2 x 10-2 68 
0.03 6.74 X lo-' 5.4 X 80 1.53 X 8.1 x 10-3 53 2.07 X 1.4 X 68 
0.04 6.80 X 6.3 X 93 1.73 X 8.2 x 10-3 47 2.32 X lo-' 1.3 X 56 


1.2 x 10-2 


Zero 6.50 X 6.1 X 94 9.30 x 10-3 8.0X 86 1.27 X lo-' 1.2 x 10-2 94 
Slope 7.8 X 10-2 4 x 10-2 0.20 4 x 10-3 0.26 5 x 10-2 
r 0.997 0.999 0.999 


(I k' = kl + kz (Scheme I). b Percent via route 1 = (k l /k ' )  X 100. 
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Table IV-Pseudo-First-Order Hydrolytic Rate Constants at Zero Buffer Concentration (ko) for Methylthiomethyl (VI), 
Methylsulfinylmethyl (VII), and Methylsulfonylmethyl (VIII) 2-Hydroxybenzoates at 50.8 f 0.2" and 0.1 M Ionic Strength (Sodium 
Chloride), Obtained by Following the Disappearance of the Compound 


0.10 N NaOH 
0.01 N NaOH 
Carbonate 
Tris( hydroxymethy1)aminomethane 
Tris(hydroxymethy1)aminomethane 
Phosphate 
Succinate 
Succinate 
Monochloroacetate 
0.01 N HCI 
0.100 N HC1 


11.86 
10.90 
9.55 
8.82 
7.96 
6.86 
5.97 
4.00 
2.64 
2.02 
1.13 


0.108 
0.158 


0.307 
0.334 


- 


- 
- 


0.26 
0.329 
0.324 
0.349 


6.42 
8.77 


2.27 
2.08 


- 


- 
- 


2.7 
2.11 
2.14 
1.99 


and facid and fbme are the fractions of the total reactant in acidic and basic 
form: 


(Eq. 3) 


(Eq. 4) 


a H +  f . =- 
a H +  + k, 


k, 
fbase = ~ 


a H +  + k, 


acid 


where k, is the dissociation constant of the phenol group estimated from 
the pH hydrolytic rate profiles. By using the computer fitting, the pKa, 
kHzO, and kh,o values for VI-VIII were obtained (Table V). 


The pKa values obtained from the pH-rate profiles a t  50.8' were in 
reasonable agreement with the values obtained spectrophotometrically 
at 23' and pH 9.60, 9.00, and 8.91, respectively. The pKa values for 
phenols and the pKa2 values for salicylic acid decrease somewhat with 
increasing temperature in this temperature range (5,6). 


To complete the hydrolytic sequence, the hydrolytic rate constants 
for aspirin were determined by HPLC at  pH 1.13,2.64,4.00,7.96, and 9.55 
at 50.8 f 0.2' and ionic strength 0.1 M (Table VI). Only the carbonate 
buffer significantly influenced the hydrolysis rate (slope = 0.34 f 0.04). 
According to Edwards (7, 8), ko for aspirin hydrolysis may be expressed 
by: 


where k, is the dissociation constant of aspirin and k H ,  k H z o ,  k& and 
k b H  are the rate constants for the acid-catalyzed, spontaneous, and 
base-catalyzed hydrolysis of aspirin in acidic and basic forms, respec- 
tively. The k H ,  kHzO, and kk,o values were calculated from the pseudo- 
first-order rate constants at pH 1.13,2.64, and 4.00 using pKa = 3.5 and 
applying the method of determinants (9). The value Of k0H was obtained 
at pH 9.55. The value obtained for k H  was 1.32 X liter/mole/min; 


" 
I .- C 


E -3 
e 6% 
a- I // 
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PH 
Figure 5-The pH-rate profile for hydrolysis of methylthiomethyl 
2-hydroxybenzoate (Vl) (O), methykrulfinylmethyl2-hydroxybenzoate 
(VIl)  (O), and methylsulfonylmethyl 2-hydrorybenzoate (VIII)  (A) 
at 50.8 f 0.2' and 0.1 M ionic strength. The curves were calculated using 
Eqs. 1-4 based on the experimental data. 


0.510 
0.523 
0.4 
0.148 
4.54 x 10-2 
5.87 x 10-3 
6.94 x 10-4 
2.95 x 10-5 


2.20 x 10-5 
2.26 x 10-5 


- 


1.36 
1.30 
1.7 
4.68 


15.3 
1.18 X lo2 
9.99 x 102 
2.35 x 104 


3.15 x 104 
3.07 x 104 


- 


0.632 
0.512 
0.6 
0.202 
6.26 X 
1.09 X 
1.47 x 10-3 
4.12 x 10-5 


3.40 x 10-5 
3.42 x 10-5 


- 


1.10 
1.35 
1.2 
3.67 


11.1 
63.6 
4.72 X lo2 
1.68 x 104 - 
2.04 x 104 
2.03 x 104 


for kHzO, it was 1.92 X min-'; and 
for k b H ,  it was 32.25 liters/mole/min. All of these values agree with the 
literature values (10). 


To determine the hydrolysis mechanism of the various species (since 
the pH profile implies differences in the mechanism), additional inves- 
tigations were conducted. Thus, the pseudo-first-order rate constants 
(kobs) for the hydrolysis of IX-XI were determined by HPLC in 0.05 M 
buffers a t  pH 2.6,4.0,6.8,7.9, and 9.2 a t  25.5' (Table VII). The methyl- 
thiomethyl benzoate (IX) has a wide pH-independent region from pH 
2.5 to 7, where kobs was -7.7 X min-I. The methylsulfinylmethyl 
(X) and methylsulfonylmethyl (XI) benzoates hydrolyzed at much slower 
rates, the pseudo-first-order rate constants a t  pH 4.0 being only 1.6 X 


min-', respectively. Next, the change in the reaction 
rates with temperature for the hydrolysis of the three 2-hydroxybenzoate 
derivatives (VI-VIII) in dilute hydrochloric acid and of the methyl- 
thiomethyl2-acetoxybenzoate (111) in unbuffered aqueous solution was 
studied by following the disappearance of the compound (Tables VIII 
and IX). 


The relatively high enthalpies ( AHr) and small negative entropies 
(AS*) of activation of I11 and VI are typical for unimolecular ester hy- 
drolysis following cleavage of the alkyl-oxygen bond (11). The values for 
VII and VIII fall into the range of neutral ester hydrolysis by general base 
catalysis (1 1) (Table X). 


The effect of ionic strength on the spontaneous water hydrolysis of the 


min-l; for k h , o ,  it was 2.11 X 


and 1.1 X 


Table V-Rate Constants and pKa Values of the Salicylate 
Esters 


Compound pKaa pKa* kHzO,  min-' kh,o, min-' 


VI 10.2 9.60 X 0.01 0.330 0.105 
VII 8.85 9.00 X 0.02 2.23 X 0.156 


VIII 8.70 8.91 X 0.02 3.41 X 0.570 


Obtained from the hydrolysis rate profiles at 50.8 f 0.2". Experimental values 
obtained at 23". 


Table V1-Pseudo-First-Order Hydrolytic Rate Constants at 
Zero Buffer Concentration (ko) for Aspirin (I) at 50.8 f 0.2" and 
0.1 M Ionic Strength 


Buffer pH ko, min-' t 1 /2 ,  hr 


0.100 N HCl 1.13 1.17 X 9.87 ~ ~. . ~__ .  


Monochloroacetate 2.64 4.51 X 25.6 
Succinate 4.00 1.64 X 7.00 
Tris(hydroxymethy1)aminomethane 7.96 2.14 X 5.40 
Carbonate 9.55 6.47 X loT3 1.97 


Table V11-Pseudo-First-Order Rate Constants for Hydrolysis 
of Methylthiomethyl (IX), Methylsulfinylmethyl (X), and 
Methylsulfonylmethyl (XI) Benzoates in 0.5 M Buffers at 25.5 f 
0.1" 


kobs, min-1 
Buffer PH IX X XI 


Borate 9.20 1.3 X 4.1 X 5.9 X 


Phosphate 


Monochloroacetate 2.60 7.7 X 1.6 X 1.1 X 


Phosphate 7.93 1.3 x 10-3 1.9 x 10-4 2.9 x 10-4 
6.81 8.1 x 10-4 3.2 x 10-5 4.5 x 10-5 


Acetate 4.00 7.6 x 10-4 1.6 x 1.1 x 
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Table VIII-Observed Pseudo-First-Order Ra te  Constants fo r  Hydrolysis of Methylthiomethyl (VI), Methylsulfinylmethyl (VII), and 
Methylsulfonylmethyl (VIII) 2-Hydroxybenzoates in  0.1 N HCI 


Tempera- VI, Tempera- koba, min-1 
ture knhs. min-' ture VII VIII 


29.88' 3.15 f 0.001 x 10+ 35.8' 5.51 f 0.24 x 1.25 f 0.07 X 
35.68" 6.93 f 0.05 X 44.0' 1.36 f 0.04 X 2.03 f 0.30 X 
42.88' 0.156 f 0.002 61.0" 5.64 f 0.14 X 7.16 f 0.27 X 
50.78" 0.325 f 0.005 102.8" 8.04 f 0.83 X 6.13 f 0.11 x 10-4 


aspirin derivative 111 was investigated at  50.8 f 0.1'. The small positive 
slope (0.202 f 0.009) of the log kobs uersus \/T plot indicates increased 
stability of the transition state with increasing ionic strength, or decreased 
stahility of the reactant state, or both. 


The effect of the solvent dielectric constant ( 6 )  on the rate constant 
of the spontaneous water hydrolysis of I11 to form aspirin also was studied 
using water-dioxane mixtures a t  50.8'. The dielectric constant of each 
mixture at this temperature was calculated (3), and the measured kobs 
values were plotted uersus l / t .  The decrease in the solvent dielectric 
constant resulted in a decrease in the rate constant, which implies that 
the transition state is more polar than the reactant(s) (Table XI). 


The deuterium solvent isotope effects on the hydrolysis rates of 
methylthiomethyl 2-acetoxybenzoate (III), methylsulfinylmethyl 2- 
hydroxybenzoate (VII), and methylsulfonylmethyl2-hydroxybenzoate 
(VIII) were measured at  50.8' and 0.1 M ionic strength. The hydrolysis 
rate constant (kD,o) for I11 to form aspirin in unbuffered deuterium oxide 
solution was 5.06 X lo-' min-' compared to 6.06 X min-' in water, 
which results in an isotope effect (kHpO/kDzO) of 1.20. The hydrolysis rate 


Table IX-Observed Pseudo-First-Order Ra te  Constants ( k o b s )  
for  Hydrolysis of Methylthiomethyl2-Acetoxybenzoate (III), 
Obtained by Following the Disappearance of 111 as a Function of 
Time in  Aqueous Solution at 0.1 M Ionic Strength (Sodium 
Chloride) and  Various Temperatures 


Temperature k&, min-I 


50.78" 5.68 f 0.01 X 
44.48' 3.11 f 0.03 X 
37.07' 1.38 f 0.01 X 
29.20' 5.06 f 0.04 X 


Table X-Enthalpies a n d  Entropieg of Activation for t h e  
Hydrolysis of Methylthiomethyl and  Related Esters 


El7 9 AS*, 
Compound kcal/mole kcal/mole e.u. r 


111 21.8 f 0.7 21.2 f 0.7 -7.1 0.999 
VI 21.7 f 0.9 21.1 f 0.9 -4.0 0.998 


VII 16.2 f 0.8 15.6 f 0.8 -40.1 0.998 
VIII 13.5 f 0.4 12.9 f 0.4 -48.1 0.999 


Table XI-Observed Pseudo-First-Order Ra te  Constants (k&) 
for Hydrolysis of Methylthiomethyl2-Acetoxybenzoate (111) i n  
Various Water-Dioxane Mixtures at 50.8 f 0.1" 


0 5.11 f 0.02 X -2.98 69.60 1.44 X lo-' 
10 2.35 f 0.04 X lo-' -3.75 61.43 1.63 X lo-' 
30 3.64 + 0.10 X -5.62 45.27 2.21 X lo-' 
20 9.05 f 0.10 X -4.71 53.30 1.88 X 


The dielectric constant (0 of each mixture was calculated at 50.8' according 
to Ref. 3. 


Table XII-Relative Rates of Hydrolysis of Methylthiomethyl 
Benzoate (IX), Methylthiomethyl2-Acetoxybenzoate (111), and  
Methylthiomethyl2-Hydroxybenzoate (VI) at pH 4.00 at the  
Plateau and 25.5' a 


kobsr Relative 
Compound min-1 Rate pKab 


IX 7.6 x 10-4 1.0 4.2 
111 3.45 x 10-3 4.5 3.5 
VI 1.90 x 10-2 25 3.0 


The rate constant for IX was not extrapolated to zero buffer concentration. 
The pKa of the carboxylic acid. 


constants for VII and VIII were measured in 0.1 N DCI solution in deu- 
terium oxide (pD 0.9) and found to be 1.10 X and 1.68 X min-' 
compared to 2.23 X min-I in water, respectively. 
The two 2-hydroxybenzoates showed the same solvent isotope effects, 
k H 2 0 / k D 2 0  = 2.03. 


The pH-rate profiles of I11 and VI demonstrate large plateaus where 
the hydrolysis rates were pH independent. For I11 (Fig. 4), this plateau 
extended from about pH 2 to 8, with aspirin as the main hydrolytic 
product. Methylthiomethyl2-hydroxyhenzoate (VI) (Fig. 5) had an even 
wider plateau, showing no acid- or base-catalyzed regions on the pH 
profile from pH 1 to 12. The small decrease in the rate a t  -pH 10 can he 
explained by the ionization of the 2-hydroxy group. Similar pH-inde- 
pendent hydrolysis behavior was shown by methylthiomethyl benzoate 
(IX) (Table VII). 


The pH-rate profiles of VII and VIII show two plateaus with a large 
increase in the rate around the pKa of the 2-hydroxy group (Fig. 5). On 
the other hand, the pH-rate profiles for methylsulfinylmethyl (IV) and 
methylsulfonylmethyl (V) 2-acetoxybenzoates do not have these large 
plateaus hut are V-shaped with a minimum at  pH 4 (Fig. 4). The  hy- 
drolysis pathways, however, are changing with pH. 


According to Fife (12), a plateau of the pH-independent rate, as for 
111, VI, and IX, could he due to: ( a )  attack of both hydronium ions and 
hydroxide ions, ( b )  water attack on the substrate, or (c)  spontaneous, 
uncatalyzed decomposition of the substrate. The first possibility seems 
to he highly unlikely; if it occurred, the reaction would have a very large 
negative entropy of activation. Thus, the other two possibilities are 
left. 


The pH-rate profiles for hydrolysis of both I11 and VI were obtained 
by following the disappearance of the compounds with time at  various 
pH values. The main hydrolysis product of I11 in the plateau region is 
aspirin, which is hydrolyzed further to salicylic acid. Compounds HI and 
VI have enthalpies of activation ( A H * )  of 21.2 and 21.1 kcal/mole and 
entropies of activation (AS*) of -7.12 and -4.04 e.u., respectively, in the 
pH-independent plateau region. These high enthalpies and low entropies 
of activation are characteristic for unimolecular reactions, which can be 
regarded as s N 1  reactions, where the leaving group is the carhoxylate 
anion (11,13) (Scheme 11). 


and 3.41 X 


R'OH,' --+ ROH 
OH- 


Scheme I1 
The enhanced solvation due to the charge separation in the transition 
state compared to the ground state results in a small negative entropy 
of activation hut still is favorable compared to a himolecular reaction 
involving water as a reactant (sN2 reaction). Salomaa (14) studied the 
kinetics of uncatalyzed hydrolysis of some aliphatic acylals (RCOO- 
CHROCH.1) in aqueous solutions and got similar values for the entropy 
of activation to those obtained in the present study. The hydrolysis rate 
of methylthiomethyl2-acetoxybenzoate is highly dependent on the na- 
ture of the solvent, being -14 times greater in water than in a 30% diox- 
ane-water mixture, suggesting considerable charge development in the 
transition state. Change in ionic strength has a similar effect. Compound 
111 is hydrolyzed with about the same rate in deuterium oxide as in water 
( k D 2 0 / k H z 0  = 1.2). This small solvent isotope effect also is found in the 
hydrolysis of neutral ester molecules cleaved by alkyl-oxygen fission 
(BALI) (11, 13). The mechanism can he written as shown in Scheme 
111. 


This mechanism would be facilitated by the fact that  the carbonium 
ion formed is resonance stabilized by the neighboring sulfur group. In 
Table XII, the relative rates on the plateau for IX, 111, and VI were listed 
a t  25.5'. The increase in rate can he explained by the decreasing pKa or 
increased leaving group ability of the corresponding acid. The decrease 
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in the hydrolysis rate of VI at  pH -10 can be attributed to ionization of 
the 2-hydroxy group (pKa -9.6 a t  23’). 


In the case of methylsulfinylmethyl (VII) and methylsulfonylmethyl 
(VIII) 2-hydroxybenzoates, the large negative entropy values and low 
enthalpies of activation are typical for neutral hydrolysis of esters. where 
water acts as a general base to assist the addition of a second water mol- 
ecule to the ester carbonyl group (Scheme IV). The hydrolysis of both 
compounds show deuterium solvent isotope effect ( k H 2 0 / k D 2 0 )  of 2.03, 
which also is consistent with this mechanism. The significant rate increase 
at higher pH values can be explained by an intermolecular catalyzed 
attack by the ionized phenol group (Scheme V), as suggested by Bender 
et a/.. (15) in the case of p-nitrophenyl salicylate. 
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The pH profiles for the aspirin derivatives IV and V (Fig. 4) show the 
common V-shape at  a minimum of pH 4. The hydrolysis pathways, 
however, change with the pH. Thus, aspirin (I) is the main product at  pH 
> 4, hut the relatively stable 2-hydroxybenzoates (VII and VIII) form 
at lower pH values. 


While the methylthiomethyl ester (111) of aspirin at  pH 7.96 hydrolyzes 
almost exclusively (>go%) to aspirin, the same compound in human 
plasma clearly hydrolyzes oia both routes; on the other hand, IV appar- 
ently goes to aspirin in plasma but follows this route to a significantly 
smaller proportion in chemical hydrolysis. 


As expected, the enzymic hydrolysis is significantly faster in all cases. 
However, the overall picture underlines the fact that, due to binding, 
mechanistic, and other differences, the chemical cleavage studies of esters 
will not necessarily predict the relative rates, possible selectivity, product 
ratio, etc. ,  obtained in enzymatic conditions. 
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Abstract 0 The dissolution characteristics of dicumarol were markedly 
enhanced by preparing dispersions of drug in polyethylene glycol 4000. 
Solid dispersions of varying weight fractions were formed by a melt 
method without measurable drug degradation or evaporation. There were 
no significant differences in dissolution rates among weight fractions, 
with dynamic solubilities being -2.5 times greater than dicumarol's 
equilibrium solubility. No indications of drug polymer complexation were 
noted from equilibrium or in situ absorption experiments. Incorporation 
of solid dispersions into direct compression tablets provided dosage forms 
with fast-release properties relative to test tablets of physical mixtures 
and a commercially available product. Percentages dissolved in 30 min 
were 370% greater for 1:3 and 1:5 (w/w) solid dispersion tablets compared 
to a commercial tablet a t  37" with a pH 7.5 dissolution buffer. X-ray 
diffraction of lest powder revealed that the crystalline nature of the drug 
had altered during fusion preparation. Dissolution traits and drug sta- 
bility for solid dispersions were maintained over 1 year of storage. 


Keyphrases Dicumarol-dissolution, stability, and absorption 
characteristics in polyethylene glycol 4000 solid dispersions Dissolu- 
tion-dicumarol in polyethylene glycol 4000 solid dispersions Poly- 
ethylene glycol 4000-effect on dicumarol dissolution, stability, and 
absorption 


The preparation of drug-polymer disperions by fusion 
and solvent techniques has successfully increased disso- 
lution properties (1-8) and bioavailability (5,6,9-12) of 
poorly water-soluble drugs. Properties of water-soluble 
polymers such as large molecular size, high viscosity, and 
supercooling can provide a dispersed drug in a metastable 
or fast-release form (1, 2). Povidone has been a popular 
choice as an inert carrier for dispersions prepared by sol- 
vent or coprecipitation methods. Among several examples, 
griseofulvin (3), sulfathiazole (4), and reserpine (5, 6) 
demonstrate faster dissolution rates when they are dis- 
persed in povidone by a solvent method. For the fusion or 
melt method, polyethylene glycols have been employed 
extensively. The dissolution of prednisolone, methyltes- 
tosterone, hydrocortisone, and digitoxin has been en- 
hanced by polyethylene glycol fusion dispersions (7). 
Similarly, enhanced dissolution rates of griseofulvin (2,8), 
nitrofurantoin, ethotoin, and coumarin (13) in polymer 
melt systems were reported. 


The orall anticoagulant dicumarol, 3,3'-methylene- 
bis[4-hydroxycoumarin], is practically insoluble in water 
(14). It is reported to be poorly and erratically absorbed 
from both powder and tablet dosage forms (15-17). The 
bioavailability of dicumarol in tablets is influenced by the 
type and arnount of excipients (18). This drug's classifi- 
cation as dissolution rate limited was supported in studies 
in dogs (19) where a strong relationship between dissolu- 
tion data and bioavailability and prothrombin time was 
noted. 


Reports of poor and erratic bioavailability serve as a 
stimulus for examining new dicumarol formulations that 


may provide more complete and consistent absorption. 
The present investigation reports the preparation of di- 
cumarol and polyethylene glycol 4000 solid dispersions by 
a fusion method and discusses possible mechanisms for 
their fast-release properties. 


EXPERIMENTAL 


Preparation of Test Powders-Solid dispersions of polyethylene 
4000l and dicumaroP were prepared from physical mixtures by the fusion 
or melt method. Physical mixtures representing drug to polyethylene 
glycol 4000 ratios of 1:1,1:3, and 1:5 (w/w) were heated over a thermostatic 
plate with constant stirring until a clear homogeneous melt was obtained. 
Melts were quickly poured on air-cooled aluminum pans or were glass- 
suspended in a vented hood. After 1 hr, solidified dispersions were stored 
in a desiccator for 2 days prior to pulverization. 


Other physical mixtures containing heated drug and polymer were 
obtained by separately heating each component to 280" and then cooling 
and storing as described for dispersions. Particle-size reductions of 
physical mixtures were performed by a ball mill while reductions for solid 
dispersions and heated physical mixtures were accomplished by light 
tituration in a cooled mortar. Test powders were modified by sieving to 
provide particle sizes of 100-60 mesh for dispersions and physical mix- 
tures and of <140 mesh for dicumarol. 


Stability Testing of Physical Mixtures and Solid Dispersions- 
Assessments of dicumarol stability were conducted by UV spectroscopy, 
paper chromatography, and TLC. Alkaline solutions (0.1 N NaOH) 
prepared from powders and tablets were utilized in a paper separation 
with acetic acid-benzene-water (2:2:1) as a solvent (20) as well as for two 
thin-layer separations on silica gel plates3 with fluorescent indicator3. 
Thin-layer solvent systems included 3 M ammonium hydroxide-ethyl 
acetate (1:l) and ether-chloroform-acetone (60:30:1). Additional sepa- 
rations were performed with solutions prepared by redissolving dicumarol 
precipitates obtained from acidified samples. 


In chromatographic experiments in which [14C]dicumaro14 was in- 
corporated into solid dispersions, silica gel plates were scraped in sections 
following development. The radioactivity of each scraping was deter- 
mined by suspending each in cocktail4 and counting with the aid of a 
liquid scintillation counter5. All samples were corrected for quenching 
by quench curves. 


Nonequilibrium Solubility Studies-Powder dissolution testing 
was conducted with a 1000-ml, three-necked, round-bottom flask con- 
taining 700 ml of 0.05 M phosphate buffer (pH 7.5). The apparatus was 
maintained a t  37.0 f 0.5" by a water bath. To mix the medium, a sleeve 
stirrer positioned 4 cm from the flask bottom was connected to a con- 
stant-speed motor adjusted to 60 rpm. Test powders containing 100-mg 
equivalents of dicumarol were added to the medium at time zero followed 
by 4-ml sampling with replacement. Samples were immediately filtered 
with 0.05- or 0.22-pm filters6, and absorbance values were obtained at  
314 nm7 for each sample before and following pH adjustment to 12 with 
4 N NaOH. Amounts dissolved were calculated from standard curves in 
pH 7.5 and 12.0 media and corrected for sample dilution (21). 


Preparation of Test Tablets-After storage of test powders for pe- 
riods not exceeding 2 weeks, portions of physical mixtures and solid 


1 City Chemical Corp. New York, N.Y. 
2 Sigma Chemical Co., St. Louis, Mo. 
3 Eastman Kodak Co., Rochester, N.Y. 
4 Amersham-Searle, Arlington Heights, Ill. 
5 LS-150, Beckman Instruments, Fullerton, Calif. 
6 Millipore Corp., Bedford, Mass. 


Model 100-60, Hitachi Ltd. Tokyo, Japan. 
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dispersions were combined and blended with anhydrous lactose'. The 
diluent was added to provide tablets of equal weight, 325 mg. To most 
formulations, 1% magnesium stearate' was added to minimize capping. 
Formulations were prepared as direct compression tablets with the aid 
of a single-punch tablet presss. Compression force was adjusted to give 
tablets of comparable hardness (4.4 f 0.6 kg). Tablet lots were tested for 
hardnessg, content uniformity, thickness, dissolution, stability, and 
weight variation. 


Tablet Dissolution Studies-The tablet dissolution apparatus, 
comprised of a beaker and basket arrangement, was maintained at 37.0 
f 0.5" by a water bath. The dissolution medium'consisted of 1000 ml of 
deaerated, 0.05 M phosphate buffer (pH 7.5). Studies were conducted 
with test tablets and a selected commercial product. A t  frequent time 
intervals after immersion of the baskets, which were rotated at  50 rpm, 
4.0-ml samples were withdrawn. Samples were filtered and treated as 
described for powder nonequilibrium studies. 


Absorption from In Situ Intestinal Loops-Male Sprague-Dawley 
260-300 g, were fasted 24 hr prior to the procedure. After an- 


esthetization with 40 mg of pentobarbital sodium2/kg ip, a midline inci- 
sion was made. A 15-cm segment representing the upper jejunum was 
carefully cannulated and gently rinsed with warm saline to remove lu- 
mend matter. Tubing was attached to each cannula and was then passed 
through a perfusion pump*' leading to a reservoir. Perfusion was carried 
out in a recycling fashion with the 60 ml of drug containing buffer 
maintained at  37.0 f 0.5" in the reservoir. The perfusion buffer was 
passed through the intestine in a proximal to distal direction at  a cali- 
brated rate of 4.8 ml/min. This rate provided rapid perfusion without 
overly distending the intestinal segment. Samples were taken from the 
reservoir, and amounts absorbed were corrected for fluid flux based on 
reservoir volume. 


Dicumarol levels in perfusion samples were determined by a previously 
described method (17) as revised by Nagashima et al. (22). 


Data Analysis-The amounts dissolved in powder and tablet disso- 
lution studies were compared between preparations and sample times 
by one- or two-way analysis of variance and Tukey testing (23). 


X-Ray Diffraction Studies-Test powders were firmly packed on 
a slide with glass windows. Diffraction spectral2 were prepared by 
scanning at  a rate of 2"/min in terms of a 28 angle. 


RESULTS AND DISCUSSION 


Preparation and Stability Studies-The temperature required for 
obtaining melts of dicumarol with polyethylene glycol 4000 was below 
that of the pure drug, 290°, and measurably decreased as the weight 
fraction of polymer was increased. Lowering in melting points as a 
function of weight fraction for binary systems is not an unexpected or 
unique phenomenon (1, 24). For dicumarol-polyethylene glycol 4000 
dispersions of 1:1,1:3, and 1:5, melt temperatures necessary to obtain a 
visually clear, homogeneous liquid were 275,263, and 255", respectively. 
Dispersions of drug to polymer weight fractions of >1:1 (such as 21) could 
not be prepared at a temperature less than the drug's melting point. 
Smaller weight fractions were not considered appropriate based on results 
of powder dissolution studies. 


Powdered and milled physical mixtures of 280" heated and unheated 
drug and polymer appeared white and crystalline, while melted disper- 
sions were orange brown. Polarized light microscope examination indi- 
cated the presence of crystalline materials in dispersions and physical 
mixtures. The crystalline appearance of all physical mixtures, composed 
of heated and unheated components, resembled that of powdered dicu- 
marol and polyethylene glycol while that of the melt dispersions was 
distinctly different. Fusion products contained smaller crystals of or- 
ange-like reflection dispersed in a clear polymer matrix. 


The concern for possible drug degradation was emphasized by the 
coloration of fusion products and by other studies (7) demonstrating drug 
degradation in polyethylene glycol melts. Three chromatographic sep- 
arations of '%-labeled dicumarol dispersions failed to show any degra- 
dation materials. Similar chromatographic studies performed with so- 
lutions of dispersion powders and direct compression tablets that had 
been stored for 1 year revealed lack of degradation or drug loss. 


It was concluded from the stability tests that, at the temperature re- 


Stokes model F, Pennsalt Chemical Corp., Warminster, Pa. 
Stokes hardness testers, Pennsalt Chemical Corp., Warminster, Pa. 


lo Southern Animal Farms, Prattville, Ala. 
l1 Harvard Apparatus Co., Millis, Mass. 
l2 Philips X-ray diffraction unit type 12215/0. 


quired for drug-polymer melts, drug decomposition did not occur and, 
thus, was not responsible for the coloration of the fusion dispersions. The 
heating temperature necessary to discolor polymer or drug separately 
exceeded the melt temperatures for fusion. The orange-brown coloration 
apparently is unique to the solid dispersion. Differences in color between 
dispersions obtained by melting without measurable drug degradation 
and their physical mixtures were reported (2). 


Nonequilibrium Solubility Studies-Solubility experiments for 
comparing powder dissolution rates demonstrated a dramatic enhance- 
ment in initial dicumarol solubility for the three dispersions (Fig. 1). 
Physical mixtures of heated materials gave similar release profiles to those 
of other physical mixtures and powdered drug. As summarized in Table 
I, the maximum observed solubility for dispersions over the 23-hr Studies 
was approximately twofold greater than that of the physical mixtures, 
with maximum levels for dispersions noted at 60 min compared to >660 
min for physical mixtures and pure drug. 


Among the three weight fractions, significant differences in the 
amounts of dicumarol dissolved were not found at  any sampling interval. 
Large variability in the initial amounts ,released by the dispersion ap- 
peared to mask any small differences that might exist between the pre- 
pared weight fractions. At the end of 23 hr, final dicumarol concentrations 
for all dispersions were 30% greater than dicumarol powder or dicumarol 
powder incorporated into physical mixtures. Comparisons of the per- 
centage dissolved by time showed the drug levels to be constant for all 
dispersions for 8-23 hr. Whether dicumarol's solubility in the media of 
solid dispersion preparation approaches that of pure drug after 23 hr was 
not examined. 


The supersaturated state of the media created by the solid dispersions 
represented a dissolution of <40% of the drug initially added to the sys- 
tem, thereby maintaining solid drug in excess throughout the experi- 
ments. Amounts dissolved in 10 min were eightfold greater for dispersions 
compared to powdered pure drug. Drug levels fell rapidly after 60 min 
for all dispersions, providing profiles that might be expected for a high 
energetic drug form (5,25-28). The ratio of dynamic to equilibrium sol- 
ubility for dicumarol dispersions was -1.4 for all weight fractions, while 
the ratio of the dynamic solubility for dispersions relative to the equi- 
librium solubility for dicumarol powder was 2.5. Upon standing, drug 
crystallization and loss in UV absorbance were noted in withdrawn dis- 
solution samples. To obtain solubility values accurately, it was necessary 
to filter and obtain absorbance measurements immediately. 


UV spectra and calculations of amounts dissolved for alkalinized and 
nonalkalinized filtered samples from respective standard curves seemed 
to confirm the existence of a supersaturated state in the early time pe- 
riods. Filtration of samples through 0.45-0.05-pm filters did not alter 
measured drug concentrations. A similar dissolution characteristic was 
described (28) for polymorphs of cortisone acetate. Another mechanism 
for describing the overshoot of equilibrium concentration duringinitial 
dissolution periods was proposed earlier (29). By this explanation, drug 
release from a polymer mixture continues after saturation as a result of 
further dissolution of drug in complex with polymer, which acts as a drug 
carrier. 


The similarity of drug release for pure drug compared to physical 
mixtures demonstrates the relative noninteractive nature of drug and 
polymer such that wetting and complexation features of polyethylene 
glycol may be negligible in this dispersion system. Wetting effects may 
explain the slightly faster initial dissolution rates of physical mixtures 
compared to drug powder. Observations of higher equilibrium solubilities 
for the dispersion and the possible participation of the polymer as a 
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Figure 1-Dissolution of dicumarol test preparations at  37". Key: 0, 
dicumarol powder; 0, 1:l (wlw) dicumarol-polyethylene glycol 4000 
dispersion; 0, 1:3 (w/w) dicumarol-polyethylene glycol 4000 dispersion; 
and A, 1:5 (wlw) dicumarol-polyethylene glycol 4000 dispersion. 
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Table I-Summary of Dissolution and  Equilibrium Solubility fo r  Dicumarol Test Powders 


tmax, Dynamic Concentration, mg/liter 
1380 rnin 


Dicumarol Dowder >660 27.7 (0.6)= 6.3 (2.1) 14.9 (1.7) 27.3 (0.6) 


Preparation min Solubility, mg/liter 10 min 40 rnin 


Physical mixtures 


Solid dis ersions 


1:5 (w/w) >660 27.6 (1.4) 14.9 (1.9) 19.0 (2.9) 27.6 (1.0) 
1:5 (w/w), heatedC >660 26.7 (2.7) 10.1 (0.9) 18.3 (3.9) 24.9 (1.7) 


40 59.4 (4.3) 44.6 (7.5) 59.4 (4.3) 41.6 (0.4) 
1:3 (w/w) 30 69.3 (4.7) 54.0 (5.4) 67.4 (6.6) 41.6 (6.6) 
1:5 (w/w) 60 54.9 (10.0) 49.0 (9.5) 53.1 (8.7) 41.4 (3.1) 


1:1 ( W K )  


Dicumatol powder with 
polyethylene glycol 
dissolution mediumd 


0.071'70 >660 25.6 (1.1) 5.9 (2.1) 11.7 (1.6) 26.7 (0.9) 
0.043'6 >660 25.4 (1.4) 7.5 (1.8) 14.7 (3.0) 25.0 (1.3) 
0.014'70 >660 27.3 (1.6) 9.1 (1.5) 14.4 (1.3) 26.3 (1.7) 


Mean *SD; n = 6. h Dicumarol-polyethylene glycol 4000 (w/w). Drug and polymer heated separately to 280" and cooled prior to preparation of physical mixture. 
d Concentralion of polyethylene glycol 4000 in dissolution medium. 


Table 11-Summary of Tablet Dissolution Studies of Solid Dispersions, a Physical Mixture,  and  a Commercial Tablet  of Dicumarol 


Percent Dissolved 
Pre Daration t1M 10 min 30 rnin 60 rnin 90 min 


-._ - 


Commercial 13.5 4.1 (0.4)" 15.0 (1.0) 19.4 (2.4) 22.2 (4.2) 
Phvsical mixture. 1:5 31.0 4.7 (4.1) 10.2 (8.1) 12.5 (9.4) 13.0 (8.5) 
Sol"id dispersions 


1 : l b  7.1 15.5 (2.3) 46.6 (2.4) 57.2 (1.8) 73.8 (3.2) 
1:3b 3.4 35.0 (5.1) 67.1 (2.2) 72.8 (1.7) 74.3 (3.1) 
1:5b 3.1 38.2 (2.0) 72.8 (3.1) 78.1 (3.6) 79.0 (3.1) 
1:5 without magnesium stearateb 2.2 48.4 (0.8) 70.7 (2.1) 76.0 (3.2) 77.3 (2.8) 
1:1 Dolvethvlene elvcol 5.6 17.8 (2.6) 52.0 (3.1) 66.2 (5.2) 73.0 (6.3) 


I" 


4006 mediu-m 78.1 (2.8) 
1:5,1-year storageh 3.0 39.6 (2.6) 72.0 (2.6) 79.6 (2.4) 
l:l,l-year storageb 6.7 16.5 (1.6) 47.6 (2.2) 58.3 (1.5) 75.2 (2.5) 


(I Mean f SD; n = 6. * Significantly ( p  < 0.05) greater amounts dissolved at all sampling periods compared to physical mixture or commercial product. 


dissolution carrier presented a need to evaluate better any contributions 
that polymer and dicumarol complexation may have on the dispersion's 
performance. In addition, dicumarol was reported (30) to interact with 
povidone to form highly soluble complexes. With conditions identical 
to previous studies, polyethylene glycol was predissolved in the media 
at three concentrations corresponding to those expected for complete 
polymer dissolution in the dispersions. As summarized in Table I and Fig. 
2, equilibrium solubilities after 6 hr were independent of polymer con- 
centrations. Amounts released prior to 6 hr decreased slightly as the levels 
of polyethylene glycol increased, which may be the result of viscosity 
influences on release rate. 


Neither milling, melting, nor separate heating of dicumarol or poly- 
ethylene glycol 4000 to a temperature exceeding that required for melts 
influences dissolution (Table I). Marked enhancement in dicumarol 
dissolution, in prepared fusion dispersions apparently is unique to the 
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Figure 2--Dissolution of dicumarol powder and physical mixture at 
3 7 O .  Key: 0, dicumarol powder; B, 1:5 (wlw) dicumarol-polyethylene 
glycol 4000 physical mixture; and A, dicumarol powder in  0.071 ?6 
polyethylcvze glycol 4000 dissolution media. 


fusion product and not secondary to the polymer effects or the results 
of applied temperature. 


Since higher solubility of dicumarol in solid dispersions did not seem 
to be a consequence of polymer-drug complexation, the elevated drug 
levels during the latter portion of the equilibrium experiments may be 
the result of an inhibitory effect of the polymer on the drug's conversion 
to a stable, less soluble crystalline species. Prevention of nucleation and 
recrystallization to a stable crystalline form by solutions of high molecular 
weight polymers such as povidone was previously discussed (4, 5). In 
evaluating the influence of the drug-polymer dispersion ratio with respect 
to polymer medium concentration, retardation of stable crystal formation 
was independent of the polymer ratio. Therefore, the minimum inhibitory 
polymer levels appear to be <0.014% with 37" dissolution media. 


Tablet  Dissolution Studies-Solid dispersions and physical mixtures 
were incorporated into direct compression tablets to evaluate the effects 
of tableting on dicumarol release from solid dispersions and to provide 
a solid dosage form for future comparative bioavailability studies. Tablets 
were designed to be of equal weight by the addition of lactose and were 
nondisintegrating. 


Results of tablet dissolution experiments expressed as percentage re- 
leased are presented in Table I1 and Fig. 3. calculation of dissolution rate 
constants through application of tablet dissolution models was considered 
inappropriate since previous nonequilibrium profiles revealed that ob- 
served release kinetics would be complex and reflective of both rapid 
release and crystallization. Comparisons of percentage dissolved a t  5-90 
min gave the rank order for the dissolution of test tablets containing 1% 
magnesium stearate as a lubricant: 1:5 = 1:3 >1:1 solid dispersions >1:5 
physical mixture = commercial product. 


Tablets containing the dispersions of 1:3 and 1:5 weight fractions 
showed marked increases in percentage released a t  10,30,60, and 90 min 
compared to commercial and physical mixture forms with approximate 
increases of 290, 366, 290, and 245%, respectively. Dissolution profiles 
for tablets representing the three weight fractions stored for 1 year were 
identical to those for freshly prepared tablets. The markedly slower 
dissolution noted for the nondisintegrating tablet compared to previously 
examined powders indicates that this drug's dissolution may be further 
maximized by incorporating powdered dispersion into disintegrating 
tablets or capsules. 
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Figure 3-Dissolution profiles of test tablets and a commercial product. 
Key: 0, 1:5 (wlw)  dicumarol-polyethylene glycol 4000 dispersion; ., 
1:3 (wlw) dicumarol-polyethylene glycol 4000 dispersion; A, 1.1 (wlw) 
dicumarol-polyethylene glycol 4000 dispersion; 0, 1:5 (wlw) dicu- 
marol-polyethylene glycol physical mixture; and 0,  commercial 
product. 


The inclusion of a lubricant, magnesium stearate, prevented tablet 
capping during direct compression. It was noted (18) that the incorpo- 
ration of several magnesium compounds such as magnesium hydroxide 
and magnesium oxide into dicumarol formulations increased drug ab- 
sorption. In that same study, magnesium stearate had no significant in- 
fluence on the completeness of drug absorption, which is consistent with 
dissolution results in the present study showing equal or lower release 
rates for lubricant-containing tablets relative to those with no lubri- 
cant. 


The apparent slower dissolution of dicumarol from the 1:l dispersions 
compared to dispersions of higher percentages of polyethylene glycol 4000 
could result from the greater portion of a slower dissolving diluent, lac- 
tose, in this formulation andlor to more extensive nucleation and con- 
version of a metastable to a less soluble stable form during the initial 
dissolution period. The latter explanation appears plausible considering 
the possible inhibitory effects of dissolved polymer on crystallization and 
recognizing that the low polymer to drug ratio tablet would supply the 
least polyethylene glycol concentration on dissolution. Substantial 
crystallization may occur initially if the levels of polymer in the bulk are 
below those necessary to inhibit renucleation. However, this explanation 
is probably inadequate since the 90-min percentages dissolved were not 
significantly different among the three ratios. In addition, predissolving 
the polymer did not alter the profiles for the 1:l dispersion tablets. In 
experiments where the nondisintegrating tablets were removed from 
baskets after 20 min, 1:l dispersion tablets appeared to dissolve slower. 
Thus, lactose dissolution may be rate limiting. 


X-Ray Diffraction Studies-Spectra of unmilled dicumarol and 
milled polyethylene glycol 4000 appear in Fig. 4; spectra for the milled 
1:l dispersion and its physical mixture appear in Fig. 5. The major di- 
cumarol diffraction peaks of 24.9,26.9, and 11.8O could be identified in 
the solid dispersion sample as weak intensity peaks with -18% of the 
intensity of drug alone in the physical mixture. All visible peaks for the 
physical mixture could be identified as those of polyethylene glycol 4000 
or dicumarol. The intensities of major drug peaks were substantially 
greater in the physical mixture compared to the dispersion, which may 
indicate a loss in the drug's initial crystalline form during the fusion 
process. Peaks for the solid dispersions, appearing at -23.4 and 20.8', 
did not correspond to any of the major peaks noted for the polymer or 
drug. Other dicumarol peaks, such as measured at  10.4', displayed in- 
creased intensity in the dispersion. 


Observations of unidentifiable peaks accompanied by the disappear- 
ance of component peaks may be in accordance with spectral changes 
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Figure 4-X-ray diffraction spectra of dicumarol (top) and milled 
polyethylene glycol 4000 (bottom). 


expected for partial polymorphic conversion or solid solution. However, 
the presence of component peaks in the melts does not allow partial eu- 
tectic formation and particle-size reduction to be completely ruled out. 
The identification of well-defined peaks and the absence of a raising 
baseline seems to exclude amorphous drug formation as a major factor 
in the dispersion. 


Dicumarol In Situ Absorption-In situ rat intestinal loops were 
utilized to examine dicumarol absorption from solutions prepared from 
drug alone, physical mixtures, and fusion dispersions. Solutions of high 
molecular weight polymer in the GI lumen may alter absorption by vis- 
cosity effects (31), solvent effects (32), and drug complexation (33). Table 
I11 shows the percentage of initial drug concentration remaining at  30 
and 90 min for the recycling perfusion of jejunal segments. Dicumarol 


Table 111-Absorption of Dicumarol by Infused a In Situ 
Intestinal Loops 


Percentage Remaining to be Absorbed6 
1:s Dicumarol- 1:5 Dicumarol- 
Polyethylene Polyethylene 


Dicumarol Glycol Glycol Statistical 
Minute Powder Physical Mixture Dispersion Analysise 


0 100 100 100 
30 29.9 (4.9)d 36.1 (9.0) 34.7 (6.6) NS 
90 22.4 (3.4) 22.7 (6.2) 29.9 (3.4) NS 


Recirculating infusion of a 15-cm se ment at a rate of 4.8 mlh in .  * Infusion 
buffer consisted of 60 ml of Kreb.-Hense!et buffer with a dicumarol concentration 
of 10 pg/ml. Not sig- 
nificant. 


Analysis of variance with p < 0.05. Mean f SO; n = 4. 
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Figure 5-X-ray diffraction spectra of 1:l (wlw) dicumarol-polyeth- 
ylene glycol 4000 physical mixture (top) and solid dispersion 
(bottom). 


rapidly disappeared from all perfusion buffers such that 68% was ab- 
sorbed in the first 30 min. This initial rapid phase was possibly a result 
of tissue equilibrium since the absorption rates were substantially less 
during the 30-90-min interval. While initial in situ absorption was 
probably, in part, perfusion limited since the intestinal clearance rate 
of 2.3 ml/min was 48% of the perfusion rate, no significant effects of 
polyethylene glycol on this drug’s absorption can be reported. These 
observations would confirm the absence of strong complexation as pre- 
viously discussed as well as demonstrate that the polymer does not alter 
the membrane absorption of this drug in situ. 


CONCLUSIONS 


Observations of rapid drug disappearance from in situ loops and low 
equilibrium solubility would support previous statements (16, 19) of 
dicumarol’s dissolution rate-limited character and, thereby, formulation 
sensitivity. The present study showed that the dissolution characteristics 
of dicumarol can be enhanced through the preparation of melt fusion 
products with polyethylene glycol 4000 without detectable degradation. 
Unlike other polyethylene glycol-drug (8) dispersion systems, com- 
plexation bstween drug and polymer cannot be considered as a factor 
contributing to higher dissolution rates for powders and tablets. Pre- 
liminary studies of X-ray diffraction patterns demonstrated that fusion 
products contained crystalline materials that could not be identified as 
either pure drug or polymer. 


Further investigations employing differential thermal analysis and 


X-ray diffraction need to be performed to characterize the apparent high 
energy form of dicumarol in fusion dispersions. Based on X-ray micros- 
copy and dissolution results, partial polymorphic conversion or solid 
solution formation seems to be an attractive explanation. After 1 year 
of storage for powders and direct compressed tablets, stability was un- 
altered and enhanced dissolution traits appeared unaffected. Investi- 
gations are currently being conducted with the aid of the described tablet 
dosage form to evaluate dicumarol’s dissolution-bioavailability rela- 
tionship. 
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in the degree of hysteresis. These facts suggest a substantial increase in 
the cohesive forces operating between particles of the high viscosity gel 
and a decrease in the level of cohesion for the low viscosity gel. 


Alteration of the degree of particle-particle cohesion due to changes 
in the level of particle charge was established previously (17). It was 
shown that additional charge provides sufficient coulombic repulsion 
to overcome the van der Waals attraction forces so that the apparent 
viscosity decreases. Examination of the rates of acid neutralization by 
the two aluminum hydroxycarbonate gels (Fig. 7) indicates a significant 
decrease in the rate o f  acid neutralization of the low viscosity gel but no 
appreciable change for the high viscosity gel. This behavior indicates that 
crystallinity develops in the low viscosity gel, eventually leading to the 
formation of a crystalline form of aluminum hydroxide such as gibbsite, 
which is free of carbonate (5,18). The transformation to a carbonate-free 
aluminum hydroxide results in an increased zero point of charge (17) and, 
therefore, a buildup of charge on the low-viscosity gel. Thus, the apparent 
viscosity, gel structure rigidity, and resistance to water flow would be 
expected to decrease as was observed. With the high viscosity gel, the 
relatively stable rate of acid neutralization during the time period studied 
indicates that  no buildup of charge occurs so that the natural tendency 
of a gel to form the most stable arrangement of particles with the maxi- 
mum degree of particle-particle linking is observed. Thus, an increased 
apparent viscosity, an enhanced gel structure rigidity, and a decreased 
capillary conductivity are consistent with the proposed mechanism. 


CONCLUSIONS 


The tension cell is useful for examining the physical state of a gel, 
especially when compared to other methods such as viscosity measure- 
ment where large inputs of mechanical energy in the form of shear stress 
may disrupt the gel structure. The tension cell is capable of providing 
meaningful data with a firm basis provided by thermodynamic and ki- 
netic theory. The data reported here were obtained with considerable 
difficulty because of the necessity for position readjustment of the tension 
cell to maintain a constant tension, the long duration of the experiments, 
and the frequent tabulations of data required for the dynamic mea- 
surements. Early experiments, in which adjustments to maintain a con- 
stant tension during water outflow were not performed, did not produce 
satisfactory data. The manual adjustment of cell position to maintain 
a constant tension was essential in obtaining meaningful results. However, 
some of the scatter observed in Figs. 3 and 4 may have been due to un- 
avoidable mechanical disturbances of the gel structure through the 
manual repositioning of the tension cell. Consequently, various methods 
for automating the tension cell are being tested so that acquiring the 
necessary data will be more convenient and more precise data may be 


obtained. 
Future experiments are planned with the tension cell to give insight 


into various roles played by particle charge, size, and shape. The effects 
of surface charge and particle size on the compressibility of aluminum 
hydroxycarbonate gel are examined specifically in a subsequent re- 
port. 
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Abstract The effect of ethyl myristate on the release rate of 4-hexyl- 
resorcinol from petrolatum base was studied a t  pH 7.4 and 37’. 4-Hex- 
ylresorcinol was analyzed spectrophotometrically a t  278 nm. The release 
rate of hexylresorcinol from the ointments was directly proportional to 
the square root of time and depended on the percentage of ethyl myristate 
in the ointment base. For 0,0.5,1,3, and 5% of ethyl myristate, the release 
rates were 29.6,35.4,38.3,55.7, and 70.0 pg/hr1/2/cm2, respectively. The 
solubility of hexylresorcinol in the petrolatum base was determined as 
a function of ethyl myristate using partitioning techniques. The en- 
hancement in hexylresorcinol solubility was rationalized on the basis of 


1:1 and 1:2 complexes between hexylresorcinol and ethyl myristate. The 
complexation constants of these complexes were estimated to be 10 M-’ 
and 206.1 M-2, respectively. The diffusion coefficient of hexylresorcinol 
in the petrolatum base was estimated to be 1.31 X 


Keyphrases 0 Release rate-effect of ethyl myristate on release of 4- 
hexylresorcinol from petrolatum, quantitative analysis Ethyl myris- 
tate-effect on release rate of 4-hexylresorcinol from petrolatum, 
quantitative analysis 0 4-Hexylresorcinol-effect of ethyl myristate on 
release rate from petrolatum, quantitative analysis 


cm2/sec. 


Percutaneous’ absorption depends on both drug release 
from the vehicle and drug permeability through the skin. 


Drug release depends on physicochemical factors, such as 
the drug’s solubility and diffusion coefficient in the vehicle. 
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Table I-Composition of the Ointments Used in the Release Rate  
Study 


Percent of Ethyl Myristate 
Ingredient 0.0 0.5 1.0 3.0 5.0 


White petrolatum, g 10 10 10 10 10 
Hexylresorcino1,mg 200 200 200 200 200 
Ethyl myristate, mg - 50 100 300 500 


Simplified equations describing drug release from sus- 
pension (1) and solution (2) vehicles have been reported, 
and numerous studies (3-10) attempted to  relate vehicle 
composition to the in uitro release rate. There is, however, 
relatively little quantitative information correlating the 
release rate with variations in physicochemical parameters 
produced by a compositional change in the vehicles. This 
investigation quantitatively and mechanistically examined 
the effect of ethyl myristate on the release rate of 4-hex- 
ylresorcinol from petrolatum. 


EXPERIMENTAL 


Ointment Preparation-Table I shows the amounts of hexylresor- 
cinoll, ethyl myristate2, and white petrolatum3 used in ointment prep- 
aration. The ointments were prepared by warming hexylresorcinol and 
ethyl myristate at 40' in a 20-ml beaker. White petrolatum then was 


Table 11-Composition and Ratio of the Aqueous and Ointment 
Layers Employed in  the Partition Coefficient Determination 


Aqueous Ethyl Myristate 
Solution of White Added to White Percent of 


ml R mg Myristate 
Hexylresorcinol, Petrolatum, Petrolatum, Ethyl 


~ ~ 


0 20 12 
30 12 60 0.5 
40 12 120 1 
30 6 120 2 
40 6 180 3 
60 6 300 5 


- 


was determined spectrophotometrically4 at  278 nm using a 10-cm cell. 
Partition Coefficient of Hexylresorcinol in  pH 7.4 Buffer and in  


White Petrolatum Containing Different Amounts of Ethyl Myris- 
tate-Ethyl myristate and white petrolatum in the ratios shown in Table 
I1 were melted in a 200-ml beaker a t  40" and were mixed thoroughly. An 
aqueous buffer solution containing 200 mg of hexylresorcinol in 500 ml 
of 0.1 M phosphate buffer, pH 7.4, also was prepared. Appropriate vol- 
umes of the hexylresorcinol solution (Table 11) were added to the pet- 
rolatum-ethyl myristate mixtures, which were sonicated for 10 min in 
200-ml beakers. The beaker then was shaken at  37' for 7 days, and the 
aqueous solution was filtered through a 0.45-pm filter5. Five milliliters 
of each filtrate was diluted to 50 ml with pH 7.4 phosphate buffer. The 
hexylresorcinol concentration was determined spectrophotometrically 
a t  278 nm using a 10-cm cell. 


The partition coefficient was calculated as follows: 
(volume of aqueous layer) (absorbance change, A0 - A, in aqueous layer) 


(volume of ointment) (absorbance in aqueous layer, A )  
partition coefficient = 


added, and the mixture was kept a t  40' for 5 min until a homogeneous 
fluid mixture was obtained. A 5-ml sample of the liquid mixture was 
poured into a 20-ml polyethylene syringe from which the upper portion 
had been removed by cutting around the barrel a t  the 15-ml mark. The 
ointments were left in the syringe overnight a t  room temperature. 


Release Rate Measurements-The half-syringe containing the 
ointment was attached to the USP dissolution apparatus and was im- 
mersed in a 60-ml glass tube containing 40 ml of 0.1 M phosphate buffer, 
pH 7.4, as shown in Fig. 1. The release rate of hexylresorcinol from the 
ointments was studied at  37' at  a rotation speed of 50 rpm. A t  each 
sampling interval, the entire 40 ml of the dissolution medium was taken 
and replaced with 40 ml of fresh buffer. The hexylresorcinol concentration 


0 


USP dissolution 
assembly 


Surface bhere 
drug releases 


Figure I-Apparatus used for the determination of release rate of 
hexylresorcinol from ointment. 


~. ~~ 


Curtin-Matheson, Cincinnati, Ohio. 


Plough Inc. 
* Sigma Chemical Co. 


where A0 and A are the initial and final absorbances of the solution, re- 
spectively. The volume of the ointment was calculated from the density 
and weight of the ointment. 


RESULTS AND DISCUSSION 


The release profile of hexylresorcinol from the ointments is shown in 
Fig. 2 as a function of the ethyl myristate concentration. The release of 
hexylresorcinol from these ointments was proportional to the square root 
of time. 


Higuchi (1) found that the release of drugs suspended in ointment 
bases obeys the following relationship: 


Q = dDt(2A - C,)C, (Eq. 2) 


where Q is the amount released at time t per unit area of exposure, A is 
the drug concentration expressed in units per cubic centimeter, C, is the 
solubility of the drug in units per cubic centimeter in the external phase 
of the ointment, and D is the diffusion constant of the drug molecule in 
the external phase. 


Singh et al. (11) found that the square root of time dependency also 
was observed for the release of two interacting drugs incorporated in an 
inert matrix. These authors found that the release of the individual 
compounds in benzocaine-caffeine systems, as well as the sum of the two 
compounds, followed a linear relationship with the square root of 
time. 


It can be shown that the release of hexylresorcinol from ointment bases 
containing different amounts of ethyl myristate also follows a square root 
of time dependency (see Eq. A8 under Appendix). 


The exposed surface area for the release of hexylresorcinol was calcu- 
lated from the diameter of the syringe (2.0 cm) to be 3.14 cm2. The release 
rate of hexylresorcinol per unit area from the different ointment bases 
can be calculated by dividing the slopes of the lines in Fig. 2 by 3.14 cm2. 
These values are listed in Table I11 as a function of ethyl myristate. The 
data indicate that the release rate of hexylresorcinol increased as the 
percent of ethyl myristate in the ointment increased. Thus, it is apparent 
that the enhancement in the hexylresorcinol release rate was due to the 
increase in hexylresorcinol solubility. 


To obtain insight into the effect of ethyl myristate on hexylresorcinol 
solubility in petrolatum and on the nature of the interaction between the 
two agents, the total solubility of hexylresorcinol was determined in 


Varian model 118. 
6 Millipore Corp., Bedford, Mass. 
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Table 111-Dependency of the  Release Rate  of Hexylresorcinol 
on the  Percentage of Ethyl Myristate Concentration in 
Petrolatum 


Ethyl Myristate, % Release Rate, pg/hr'/2/cm2 


0.0 29.6 
0.5 35.4 
1.0 38.3 
3.0 55.7 
5.0 70.0 


Table IV-Dependency of the  Parti t ion Coefficient of 
Hexylresorcinol between pH 7.4 Buffer and  Petrolatum on the 
Percentage of Added Ethyl Myristate 


HOURS% 
Figure 2-Amount of hexylresorcinol released from ointment as a 
function of time"? The amounts of ethyl myristate in the ointment were 
0 (a), 0.5 (A), 1 (O), 3 ( O ) ,  and 5 (U) %. 


petrolatum in the presence of ethyl myristate using partitioning. The 
partition coefficients of hexylresorcinol between the ointment bases and 
pH 7.4 buffer were calculated using Eq. 1 (Table IV and Fig. 3). 


It is apparent from Fig. 3 that the partition coefficient of hexylresor- 
cinol varied in a nonlinear fashion as a function of the ethyl myristate 
concentration. Previously, it was shown that the partition coefficient of 
hexylresorcinol between hexane containing various amounts of esters and 
pH 7.4 buffer also varied in a nonlinear fashion (12). Such behavior was 
rationalized on the basis of formation of 1:1 and 1:2 complexes between 
hexylresorcinol and the esters in hexane. 


If a similar mechanism is operative in petrolatum, then the following 
relationships are valid: 


HRB e HR 
Scheme I 


HR + EM F? HR-EM 


*I 
I- z w 
0 6  
LL 
U 
W 
0 
0 


Ethvl Mvristate. % Partition Coefficient 


0 1.23 
0.5 1.47 
1 1.73 
2 3.06 
3 4.72 
5 8.97 


(Eq. 3) 


(Eq. 4) 


(HR)T = (HR) + (HR-EM) + (HR.EM2) (Eq. 7) 


where Po and P are the partition coefficients of hexylresorcinol between 
the buffer solution and the ointments without ethyl myristate and with 
ethyl myristate, respectively; K1:1 and K1:2 are the complexation con- 
stants of 1:l and 1:2 complexes, respectively; and (HR), (HR)B, (HR)T, 
(HReEM), (HRaEMz), and (EM) are the concentrations of free hexyl- 
resorcinol in the ointments, free hexylresorcinol in the buffer solution, 
total hexylresorcinol in the ointments, 1:l complex of hexylresorcinol in 
the ointments, 1:2 complex of hexylresorcinol in the ointments, and free 
ethyl myristate in the ointments, respectively. The combination of Eqs. 
3-7 results in: 


(Eq. 8) 


Since a very dilute aqueous solution of hexylresorcinol was employed 
in the partitioning study, the concentration of the complexes can be 
considered to be small in comparison with the concentration of free ethyl 
myristate. I t  follows that (EM) = (EM)T. Rearranging Eq. 8 results 


P - Po 
Po 


-- Scheme II - Ki:i(EM) + K1:2(EW2 
HR + 2EM s HR-EM2 


Scheme III 


P in: 


Table V shows the values of the left side of Eq. 9 as a function of (EM)T. 
A plot of (P - Po)/Po(EM)T uersus (EM)T should result in a straight line 
with the intercept of K1:l and the slope of K1:2 as shown in Fig. 4. The 
values of K1:1 and K1:2 were 10 M-1 and 206.1 M-2,  respectively. The 
apparent solubility of hexylresorcinol in the ointment bases can be esti- 
mated on the basis of the 1:l and 1:2 complex formation from the values 
of the complexation constants (Kkl, Kp2) as follows. 


Table V-Relationship between Total  Ethyl Myristate, (EM)T, 
and ( P  - Po)/Po(EM)T 


(EMIT, M 
0.0 x 10-2 - 


1.53 X 12.88 
OO 1 2 3 4 5 3.07 X 13.29 


ETHYL MYRISTATE, % 6.14 X 24.32 
9.21 X 30.89 


15.31 X 41.29 


(P - Po)/Pa(EM)T, M-' 21cL- 
Figure 3-Partition coefficient of herylresorcinol between p H  7.4 buffer 
solution and ointment as a function bf added ethyl myristate. 
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Figure I-plot of (P - P~)/Po(EM)T versus (EM)T. 


In the solubility system, (HR)T and (HR) can be written as: 


(HWT = ST (Eq. 10) 


(HR) = So 0%. 11) 


where ST and SO are the apparent and the original solubility of hexyl- 
resorcinol, respectively. Therefore, the total concentration of ethyl 
myristate and ST can he written as: 


(EM)T = (EM) + K1:1(EM)So + 2K1:z(EM)'So (Eq. 12) 


ST = So + Ki:I(EM)So + K1:z(EM)'So (Eq. 13) 


Elimination of the (EM)2 form gives an equation for the concentration 
of free ethyl myristate: 


The combination of Eqs. 13 and 14 gives: 


The apparent solubility of hexylresorcinol in the ointment base can be 
estimated by using the determined values of K1:1 and K1:2 and SO, which 
can be estimated as: 


SO = PO x S B  (Eq. 16) 


where SB is the solubility of hexylresorcinol in the buffer solution. The 
results shown in Table VI strongly suggest that the apparent solubility 
of hexylresorcinol in the ointment base increases in the presence of ethyl 
myristate and is due to the complex formation between hexylresorcinol 
and ethyl myristate. 


Table VI-Apparent Solubility of Hexylresorcinol in  the 
Ointment Bases as a Function of Ethyl Myristate 


Solubility of 
Hexylresorcinol in 


Ethyl Myristate, % Ointments, pg/cm3 


0.0 0.680 X lo3 


1.0 0.987 X lo3 
2.0 1.479 X lo3 
0.5 0.801 x 103 


3.0 2.121 x 103 
5.0 3.753 x 103 


Table VJI-Relationship between Added Ethyl Myristate and 
d Cs (2A - Cs ) 


Ethyl Myristate, % dC,(2A - C,), pg/cm3 


0.0 4.578 X lo3 
0.5 4.976 X lo3 
1.0 5.488 X lo3 
3.0 7.894 X lo3 
5.0 10.203 X lo3 


1w/ 


Fi ure 5-Plot of release rate of hexylresorcinol from ointment versus h. 
In Eq. 2, if the effective diffusion coefficient of hexylresorcinol in the 


ointments is the same, then the release rate depends only on the amount 
of hexylresorcinol and its apparent solubility in the ointments: 


release rate = K d C 8  (2A - C,) (Eq. 17) 


where K is a constant expressed as v% and A is 15.748 m /cm3 on the 
basis of proper dimension. The calculated values of d- are 
shown in Table VII. 


Plots of the release rate versus dC.(2A - C,) according to Eq. 17 
should result in a straight line with a zero intercept as shown in Fig. 5. 
It is apparent from Fig. 5 that the enhancement in the release rate of 
hexylresorcinol is due only to the increase in hexylresorcinol solubility 
in the presence of ethyl myristate. 


The calculated value of the effective diffusion coefficient, D, of hex- 
ylresorcinol in the ointment base was estimated from the slope of the line 
in Fig. 5 to be 1.31 X cm2/sec. By using the values of D and C,, the 
release rates of hexylresorcinol as a function of ethyl myristate were 
calculated using Eq. 2. These data (Fig. 6) show that good agreement was 
obtained between the calculated and experimental values. 


01 L 


0 1 2 3 4 5 
ETHYL MYRISTATE, % 


Figure 6-Release rate of hexylresorcinol from ointment as a function 
of added ethyl myristate. Key: 0, experimental values; and -, calcu- 
lated values. 
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perfect 
sink 


- direction of 
direction diffusion 


of d epl e t i on 
Figure Al-Theoretical model describing the simultaneous release 
under sink conditions of HR,  HRaEM, HR-EM2, and (HR)T from pet- 
rolatum. 


APPENDIX 


In the diffusion layer, the following relationships are valid 


HR + EM&HR.EM 
k-1 


Scheme A I  


HR + EM2 & HR-EM2 


Scheme AII 


where kl, k-1, k z ,  and k-2 are the rate constants for complexation. The 
combination of Fick's second law and reversible kinetic equations results 
in: 
d(HR) d2(HR) 


dt dX 


k-z 


-= D 1 y  + k-l(HR*EM) + k-z(HR-EM2) 


- kl(HR)(EM) - kZ(HR)(EM)' (Eq. Al)  


d(HR.EM) = D2 d2(HR*EM) + kl(HR-EM) - k-I(HR-EM) (Eq. A2) 
dt ax2 


(Eq. A3) 


where D1, Dz, and D3 are the diffusion coefficients of HR, HReEM, and 
HR-EM2, respectively. 


The mass balance equation for hexylresorcinol becomes: 


(HR)T = (HR) + (HR-EM) + (HR-EMz) (Eq. A4) 


Differentiating with respect t o  time of Eq. A4 results in: 


d(HR)T - d(HR) + d(HR-EM) + d(HRaEM2) 
(Eq. A5) dt dt dt dt 


The combination of Eqs. A1-A3 and A5 results in: 


The diffusion coefficient of compounds is ver insensitive to their 
molecular weights and only varies with y&. The molecular 
weights of hexylresorcinol, the 1:l com lex, and the 1:2 complex are 194, 
440, and 716, respectively, and q& values for the three com- 
pounds are 0.173,0.131, and 0.112, respectively. Then D1 = D2 = 0 3  = 
D, and Eq. A6 can be rewritten as: 


For such a system, the concentration profiles that  may exist after the 
lapse of finite time can be drawn (Fig. Al).  


As seen from Eqs. A1-A3 and A7 and Fig. Al,  the concentration gra- 
dients of (HR), (HRaEM), and (HR.EM2) do not give a straight line, but 
the concentration gradient of (HR)T gives a straight line and Eq. A8 can 
be used to calculate the release rate of hexylresorcinol in this system 
(1): 


release rate = v ' D C , ( ~ A  - C,) (Eq. A81 
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Abstract  0 Oxidative-reductive interconversion of the methylthio- 
methyl ester of aspirin and the corresponding sulfoxide and sulfone de- 
rivatives can be detected in rat liver homogenate, in addition to the ex- 
tremely facile hydrolysis of these esters. The methylthiomethyl and 
methylsulfinylmethyl 2-acetoxybenzoates penetrate freshly excised 
hairless mice skin rather easily with the simultaneous hydrolysis of the 
two ester functions. Contrary to in uiuo observations in dogs, where sig- 
nificant amounts of aspirin formed, the prodrugs cleave to salicylic acid 
and/or salicylate esters rather than aspirin. 


Keyphrases Methylsulfinylmethyl 2-acetoxybenzoate-percutaneous 
absorption and metabolism, aspirin prodrugs Aspirin prodrugs- 
percutaneous absorption and metabolism 0 Prodrugs-methylsulfin- 
ylmethyl 2-acetoxybenzoate and related aspirin agents, percutaneous 
absorption and metabolism 


In the preceding papers of this series, novel prodrugs of 
aspirin (I) were described, together with the corresponding 
salicylic acid (11) derivatives as summarized by 111-VIII. 
Although significant differences in the chemical and 
plasma hydrolyses of the double esters 111-V were ob- 
served, in uivo studies clearly indicated that at  least IV 
cleaves to aspirin; I11 and V might do so, but aspirin could 
not be detected in the dogs in these cases. 


BACKGROUND 


In addition to the direct hydrolysis of the ester functions, oxidative 
interconversion of the sulfur-containing alkyl groups also is possible, 
which might alter the expected hydrolytic behavior. Thus, similarly to 
the case of sulindac (11, these esters can be expected to participate in the 
in uiuo redox system shown in Scheme I. Other sulfides and sulfoxides 
undergo similar transformations (2), which most likely occur in the liver. 
Thus, one objective of the present studies was to determine whether the 
oxidized forms, IV and V, can be detected if 111 is incubated with liver 
homogenate. 


The possible topical use of the aspirin prodrugs, 111-V, or the salicylic 
acid derivatives, VI-VIII, also is of interest. The primary use of salicylic 
acid in topical medication, aside from its antiseptic and germicidal uses, 
has been as a keratolytic and anti-inflammatory agent. Keratolytic drugs 
act to damage the cornified layer of the skin, which is then sloughed off 
to whatever depth the agent has acted. The traditional keratolytic agent 
has been salicylic acid in concentrations up to 6% in various creams and 
ointments (3). 


Steroids commonly are applied topically to alleviate inflammatory 


111: R = CH,CO, X = CH,S- 
IV: R = CH,CO, X = CH,SO- 


VI: R = OH, X = CH,S- 


VIIJ: R = OH, X = CH,SO,- 


V: R = CH,CO, X = CH,SO,- 


VII: R = OH, X = CH,SO- 


0 + 
COOCH&H~ 


ox 
-t 


red 
OR OR 


states such as some allergic skin conditions, but  only one nonsteroidal 
anti-inflammatory agent, bufexamac, is marketed as a topical cream (4). 
In a recent study (51, the anti-inflammatory effects of several steroidal 
and nonsteroidal drugs were tested topically on guinea pig skins in which 
UV dermatitis was induced. Salicylic acid was just as good an anti-in- 
flammatory agent as bufexamac, and aspirin was even more active and, 
in some cases, was superior to hydrocortisone (6). 


In the present study, the apparent permeability of the potential pro- 
drugs of aspirin, I11 and IV, through excised hairless mice skin was studied 
and compared to aspirin. Since the skin, as all other portals of entry into 
the body, possesses metabolic activity (7), simultaneous metabolism- 
absorption processes were considered. 


EXPERIMENTAL 


Metabolism Studies in Rat Liver Homogenate-The liver ho- 
mogenate was prepared following the method of Schneider (8). Two male 
Sprague-Dawley rats were killed by decapitation, and the livers were 
removed and chilled on an ice-cold glass plate. After cooling, the livers 
were weighed (total weight 28.4 g) and homogenized with a polytef pestle 
homogenizer in a glass mortar in 113.6 ml of 0.25 M sucrose (total volume 
142 ml). The homogenate was centrifuged for 10 min a t  600Xg, and the 
supernate was decanted and centrifuged for 20 min a t  24,OOOXg. The 
supernate, which was then 120 ml, was decanted and used undiluted for 
the oxidation-cleavage studies. 


The supernate was stored in an ice bath and used within 5 hr after the 
killing of the animals. A lO-,ul sample of a standard solution of the com- 
pound in acetonitrile was added to 3.0 ml of the supernate M). 
Samples of 0.50 ml were removed, mixed with 0.50 ml of acetonitrile, and 
centrifuged for 20 min. The supernate was analyzed by high-pressure 
liquid chromatography (HPLC) as described previously (9). 


Permeability-Metabolism Studies Using Hairless Mice Skin- 
Full-thickness dorsal skin of 12-14-week-old female hairless mice' was 
used. The mice were sacrificed by snapping of the spinal cord a t  the neck, 
and the whole dorsal skin then was removed. Adhering fat and other 
visceral debris were removed carefully from the undersurface. The excised 
skin was stretched gently over the lower opening of the plexiglass lid of 
a diffusion cell and secured with a rubber gasket, and excess skin was 
trimmed away. 


The diffusion cells were manufactured2 from plexiglass and consisted 
of a lower chamber (45 ml) with a side arm to allow sampling of the re- 
ceptor phase, a lid, and a rubber gasket. A plastic-coated magnetic bar 
provided efficient mixing. The opening in the lid left exposed an 8.04-cm2 
area on the epidermis side through which penetration was measured. The 


' Obtained from Jackson Laboratories, Bar Harbor, ME 04609 
Kercso Engineering Consultants, Palo Alto, Calif. 
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Table I-Permeability Coefficient and  Lag Times for Apparent 
Permeability of Aspirin (I) and Methylthiomethyl(II1) and  
Methylsulfinylmethyl (IV) 2-Acetoxybenzoates through Excised 
Hairless Mice Skin at 31' 


Compound Permeability Lag 
Compound Detected in Coefficient, Time, 


Applied Receptor Phase" cmlhr hr 


Aspirin I 
I1 


Total 


4.9 f 1.0 X 0.82 
1.4 f 0.1 X 0.72 
1.9 f 0.2 X 0.77 


I11 I1 4.0 f 0.5 X 0.70 
IV VII 9.6 f 4.0 X 1.18 


I1 1.2 f 0.6 X 0.33 
Total 2.2 f 1.0 X 0.87 


The compounds detected in the receptor phase were aspirin (I), salicylic acid 
(I]) ,  and methylsulfinylmethyl 5-hydroxybenzoate (VI1). 


receptor was filled with pH 5.4 isotonic sodium acetate-boric acid buffer 
(60 mg and 1.84 g, respectively, in 100 ml of deionized water). As a pre- 
serving agent, 0.1% formaldehyde was added. All air bubbles were re- 
moved carefully from the dermal surface of the skin by tipping the 
cell. 


A solution of the test compound was made in acetonitrile containing 
10% polyethylene glycol 400. Then 200 jd of this solution was applied to 
the skin; and the acetonitrile was evaporated by blowing air on the sur- 
face, leaving a 2 M solution of the compound in polyethylene glycol 400 
spread evenly on the skin. Each cell then was placed on a magnetic stirrer 
in a 31' incubator in which a high constant humidity was maintained. 
Samples of 1 ml were removed from the receptor phase uia the side arm 
and replaced with fresh buffer. The samples were analyzed by HPLC. 


RESULTS AND DISCUSSION 


The rat liver homogenate metabolism studies revealed that the various 
ester-type prodrugs of aspirin (111-V) and the corresponding salicylates 
(VI-VIII) were metabolized extremely fast. The disappearance rates of 
111 and IV were 2.5 and 0.8 min-l, corresponding to half-lives of 0.3 and 
0.9 min, respectively. These values reflect significantly faster metabolism 
in the liver than in plasma. [The corresponding half-lives in human 
plasma a t  37' were 1.2 (111) and 14 (IV) min, respectively.] The analysis 
of the liver homogenate mixtures indicated that 111 was hydrolyzed 
mainly to VI and then to salicylic acid. The mqin product from IV also 
was salicylic acid. However, despite the fast hydrolysis rates, small 
fractions of both IV and V could be detected after incubation of the ho- 
mogenate with 111. In the same way, small fractions of VII could be de- 
tected after incubation with VI, and small fractions of V could be detected 
after incubation of the homogenate with IV. This finding clearly indicates 
that some oxidative interconversion of the species occurs. 


The skin permeability studies also indicated extensive metabolism of 
111 and IV. This result is not surprising; although the stratum corneum 
is the main diffusion barrier (lo), the conventional drug permeation 
mathematical models (11-13) had to be modified to account for simul- 
taneous metabolism-permeation when prodrugs were used (14,15). The 
whole skin, particularly the epidermis, contains many highly active en- 
zyme systems (7) ,  and some esterase activity has been found in the 
stratum corneum of pig skin (16). 


30 1 
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Figure 1-Permeability of aspirin ( I )  through hairless mice skin as 
percentage of aspirin applied. Key: I ,  total appearance in the receptor 
phase; 2 ,  salicylic acid (11); and 3,  aspirin. 
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Figure %-Permeability of methylthiomethyl2-acetoxybenzoate (111) 
through hairless mice skin as percentage of dose applied and appear- 
ance as salicylic acid (ZZ) in the receptor phase. 


The main enzyme systems of interest in this study were the esterases, 
which can attack both the aromatic carboxyl esters and the acetyl ester 
in aspirin and its derivatives, and oxygenases, which could possibly oxi- 
dize the sulfur in the thiomethyl and sulfoxide derivatives. 


The methylsulfonylmethyl2-acetoxybenzoate (V) had low solubility 
in polyethylene glycol 400 and tended to precipitate after application to 
the skin. Therefore, it showed little permeability in the initial experiment 
and was not studied further. The obtained permeation profiles for I, 111, 
and IV in terms of percentage in the receptor phase of the total amount 
applied to the skin as a function of time are displayed in Figs. 1-3. Per- 
meability coefficients were calculated from the slopes of the amounts 
diffused uersus time profile according to Eq. 1 in the time interval 5.5-24 
hr: 


(Eq. 1) 


where P is the permeability coefficient, V is the volume of the receptor 
phase, A is the surface area of the exposed skin, and Cd is the concen- 
tration of the solute in the donor phase. 


The lag times were estimated graphically; they were quite sensitive 
to small differences in slopes, and slight experimental variability in slopes 
produced marked variability. 


Each experiment was repeated five times, and the results given rep- 
resent average values. The error bars in Figs. 1-3 represent the standard 
error of the mean. The permeability coefficients and lag times are listed 
in Table I. 


The observed hydrolysis rate constant for aspirin in the receptor phase 
(pH 5.44) was measured separately a t  31.0' and found to  be 3.74 f 0.06 
X min-l or a half-life of 31 hr. These results indicate that when as- 
pirin is applied to the skin, -30% penetrates the skin unmetabolized, 


T 


HOURS 


Figure 3-Permeability of methylsulfinylmethyl 2-acetoxybenzoate 
( I V )  through hairless mice skin as percentage methylsulfinylmethyl 
2-hydrozybenzoate (VII)  (curue 2 ) ,  salicylic acid (curue 3) ,  and total 
appearance (curue 1 )  in the receptor phase relatiue to the total amount 
applied to the skin. 
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Figure 4-Comparatiue permeability of aspirin (curue 3) ,  methyl- 
thiomethyl2-acetoxybenzoate ( I I I )  (curue I ) ,  and methylsulfinylmethyl 
2-acetorybenzoate ( I V )  (curue 2) through hairless mice skin. 


while the major part, -70% of the dose penetrating the skin, is hydrolyzed 
in the skin to salicylic acid during absorption (Fig. 1). 


The hydrolysis half-life of the methylthiomethyl derivative (111) to 
aspirin was -10 min and that of VI to salicylic acid, at  30’ and pH 5.4, 
was -9 min. If any significant amounts of aspirin are formed during 
passage through the skin or if I11 penetrates the skin without being me- 
tabolized, aspirin would be detected in the receptor phase. On the other 
hand, only salicylic acid was found when I11 was applied to the skin, which 
means that I11 is metabolized in the skin to VI or salicylic acid or both 
(Fig. 2). 


The hydrolysis half-life of the methylsulfinylmethyl derivative (IV) 
to aspirin was -10 days and that of VII to salicylic acid, at  30’ and pH 
5.4, was -6 days. Thus, very little hydrolysis should occur in the receptor 
phase and almost all metabolites of IV detected in the receptor phase 
must be formed in the enzymatic cleavage in the skin. No aspirin was 
detected in the receptor phase after application of IV to  the skin; only 
large amounts of VII and salicylic acid were found (Fig. 3). These results 
indicate that -57% of IV penetrating the skin is metabolized to VII and 
that -43% of IV is metabolized to salicylic acid. 


The comparative cumulative penetration profiles for aspirin, 111, and 


IV are shown in Fig. 4. The methylthiomethyl derivative (111) of aspirin 
is absorbed at  a rate about two times faster than that of aspirin, while the 
methylsulfinylmethyl derivative (IV) is absorbed a t  the same rate as 
aspirin within experimental error. 


It is clear that significant metabolism of all salicylic acid derivatives, 
including aspirin and its prodrugs, occur in the fresh mouse skin. The 
various ester functions hydrolyze with different rates and in a different 
order than what was shown to be their chemical hydrolysis or enzymatic 
cleavage in plasma or after the intravenous in uiuo administration. The 
amounts penetrating the skin, however, are significant. I t  is possible to 
achieve therapeutic levels either as keratolytic or anti-inflammatory or 
analgesic agents. Further in uiuo studies should be performed to answer 
these questions. 
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Abstract 0 X-ray diffraction and IR and 27A1-NMR spectroscopy in- 
dicate that aluminum chlorohydrate is composed of a central aluminum 
in a tetrahedral configuration surrounded by 12 aluminum atoms in oc- 
tahedral configuration. The complex, A~I~O~(OH)~~(H~O): ; ,  is essentially 
spherical, with the t 7  charge equally distributed on the surface. Seven 
chloride ions are associated with the complex as counterions. This 
structure is consistent with both the method of synthesis and the pro- 
posed mechanisms of antiperspirant activity. 


Keyphrases 0 Aluminum chlorohydrate-structure proposed by X-ray 
diffraction and IR and 27A1-NMR spectroscopy X-ray diffraction- 
aluminum chlorohydrate, structure proposed 0 Spectroscopy, IR- 
aluminum chlorohydrate, structure proposed 0 27A1-NMR spectros- 
copy-aluminum chlorohydrate, structure proposed Antiperspirant 
activity-aluminum chlorohydrate, structure proposed based on X-ray 
diffraction and IR and 27A1-NMR spectroscopic studies 


Aluminum chlorohydrate, a basic aluminum complex, 
is widely used for its antiperspirant activity, for sealing 
porous strata in oil drilling operations, and to control the 
viscosity of kaolinite clays. It is known as aluminum 


chlorohydrate, aluminum hydroxychloride, basic alumi- 
num chloride, or chlorhydrol. The empirical formula, 
A12(OH)sCb2H20, is known (l), but the structure has not 
been characterized. The chemistry of partially hydrolyzed 
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Renal or biliary clearance can be calculated by plotting the rate of 
urinary excretion or biliary excretion against the blood concentration at 
the midpoint of each urinary or biliary collection, respectively. The re- 
sulting slopes represent each corresponding clearance value (Fig. 2 il- 
lustrates the calculation of renal clearance). However, ClH, c l ~ ,  and clo 
cannot be calculated by conventional methods. 


Percent net tubular secretion can be calculated using the following 
relationship: 


percent net tubular secretion = 


x 100 c1R - Cl,, X fraction of unbound compound 
c 1 R  


(Eq. A19) 
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Abstract A fast and sensitive high-pressure liquid chromatographic 
method was developed for the quantitation of doxorubicin, daunorubicin, 
and their aglycones in pharmaceutical preparations. Because its higher 
pH extends column life while permitting determination of impurities, 
this system represents an improvement over previously published 
methods. It utilizes a CIS bonded silica gel column and a solvent system 
consisting of methanol-0.01 M monobasic ammonium phosphate aqueous 
solution (65:35) at pH 4.0 and 1600 psi of pressure. The accuracy of the 
doxorubicin and daunorubicin determinations, expressed as the coeffi- 
cient of variation, is 1.65 and 1.27%, respectively. The aglycones can be 
determined with a precision of <1.3%. 


Keyphrases 0 Doxorubicin-high-pressure liquid chromatographic 
assay, quantitation of impurities 0 Daunorubicin-high-pressure liquid 
chromatographic assay, quantitation of impurities High-pressure liquid 
chromatography-quantitation of doxorubicin, daunorubicin, and their 
aglycones Antibiotics-quantitation of doxorubicin, daunorubicin, 
and their aglycones by high-pressure liquid chromatography 


Doxorubicin (adriamycin) is an anthracycline antibiotic 
(I) consisting of the tetracyclic quinoid aglycone doxoru- 
bicinone (adriamycinone) in a glycosidic linkage to the 
amino sugar daunosamine (1, 2). Doxorubicin has been 
shown to be effective against various human neoplasms (3, 
4). Pharmaceutical preparations of doxorubicin contain 
several impurities such as daunorubicin, daunorubicinone, 
and doxorubicinone, as well as other minor contaminants. 
Some of these impurities, particularly daunorubicin and 
daunorubicinone, are present because doxorubicin is 
prepared from daunorubicin by chemical synthesis (5),  and 
the parent compound and its impurities are carried 


through to the product during the manufacturing pro- 
cess. 


Daunorubicin (11) is a recently approved drug used in 
the treatment of acute leukemia and certain solid tumors 
in humans (6,"). Daunorubicin preparations contain im- 
purities such as daunorubicinone, which may be carried 
through the isolation process of the drug from the fer- 
mentation broth (8). It is important that the potency of 
both doxorubicin and daunorubicin be determined because 
clinical treatment relies on an accurate dosage schedule 
(9). It is equally important to determine the impurities in 
these pharmaceutical preparations, particularly the 
aglycone content, because these impurities are mutagenic 
and have no antitumor activity (10). 
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Figure 1-HPLC separation profile of daunorubicin (D), doxorubicin 
(A), daunorubicinone (DN), and doxorubicinone (AN) with CIS bonded 
silica gel, methanol-0.01 M monobasic ammonium phosphate aqueous 
solution (65:35), pH 4.0, and flow rate of 2 mllmin (a) and 1 mllmin (b). 
Numbers given are retention times in minutes. 


BACKGROUND 


The Code of Federal Regulations (CFR) (11) specifies that high- 
pressure liquid chromatography (HPLC) be used to establish the com- 
position of doxorubicin and daunorubicin preparations but does not re- 
quire determination of the aglycones. The official method utilizes a pH 
2.0 mobile phase, which can adversely affect the useful life of the chro- 
matographic column and may also hydrolyze daunorubicin to its aglycone 
and daunosamine during the long analytical process. 


Most previously published HPLC procedures for the analyses of these 
drugs are suitable only for the estimation of doxorubicin and its metab- 
olites in plasma (12-15). Some also use a detrimental pH 2 mobile phase 
(12,13). Others use a quaternary (14) or a gradient (15) solvent system 
and do not provide rapid quantitation of pharmaceutical preparations 
of doxorubicin or daunorubicin. A low pH system was used by Eksborg 
(161, who achieved good separations of daunorubicin, doxorubicin, and 
their C-13 hydroxylated metabolites by HPLC (16). Other methods were 
developed to determine daunorubicin and its C-13 hydroxylated me- 
tabolite in plasma (17,18). However, none of these published methods 
was designed to quantitate doxorubicinone and daunorubicinone. 


This report describes a new HPLC method for the quantitative de- 
termination of daunorubicin, doxorubicin, and their aglycones in phar- 
maceutical preparations. 


EXPERIMENTAL 


Reagents-Spectrograde methanol and deionized water were used 
throughout the experiments. Monobasic ammonium phosphate', acetic 
acid2, and heptanesulfonic acid3 were used without further purification. 
Daunorubicin4 and doxorubicin6 were obtained commercially. Dauno- 
rubicinone and doxorubicinone were prepared as described previously 
(19 and 2, respectively) and checked for purity by melting-point, IR, and 
TLC [single spot a t  Rl 0.92 and 0.78, respectively; methanol-chloro- 
form-formic acid (15852); silica gel] analyses. 


Fisher Scientific Co., Pittsburgh, Pa. 
Mallinckrodt Chemical Co., St. Louis, Mo. 
Eastman Chemicals, Rochester, N.Y. 
Rhodia Inc., New Yolk, N.Y. 
Farmitalia, Milan, Italy. 
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W Figure 8-HPLC separation profile c'! 
of daunorubicin (D), doxorubicin (A), 
daunorubicinone (ON), and doxoru- 
bicinone (AN) with CIS bonded silica 
gel, methanol-0.005 M heptanesul- 
fonic acid aqueous solution (62.5: 
37.5), pH 3.5, and flow rate of 2 mll 
min. Numbers indicate retention 
times in minutes. 
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Apparatus-A modular high-pressure liquid chromatograph6 was 
equipped with a constant-flow pump, a valve-type injector7, and a 254-nm 
fixed-wavelength detectore. Data were recorded and reduced by a mi- 
croproceasors set for peak area calculations at a chart speed of 0.5 cmlmin 
and attenuation of 128. 


Chromatographic ConditiongA 25-cm X 4.6-mm i.d. stainless steel 
column, packed with 10-pm particle-size CIS reversed-phase packing 
materiallo, was used for all assays. The isocratic mobile phase consisted 
of 650 ml of methanol and 350 ml of water to which was added 1.15 g of 
monobasic ammonium phosphate dissolved in 5 ml of acetic acid (final 
pH 4.0). The mobile phase was filtered through a 0.2-pm filter and de- 
gassed by vacuum for 20 min. The flow rate was 2 ml/min, which produced 
a pressure of -1600 psi. All separations were performed at ambient 
temperature. A 5-pl sample was injected into the chromatograph. 


Before the assay was begun, a resolution factor for the system was 
determined at ambient temperature with a flow rate of 1.0 mllmin. To 
facilitate measurements of peak width, the detector was set to give at least 
50% response full scale and a chart speed of 2 cmlmin. The column was 
purged with mobile phase until a steady baseline was esfablished. Then 
5 mg of doxorubicin and 5 mg of doxorubicinone were accurately weighed 
into a 10-ml volumetric flask and diluted to volume with methanol. Then 
5 p1 of this solution was injected into the chromatograph. The retention 
time for the doxorubicin and the doxorubicinone peaks should be -470 
and 600 sec, respectively. 


The resolution factor (R,) is calculated as follows: 


R, = 2(t2 - ti)/(Wi + W2) (Eq. 1) 


where ( t 2  - t l )  is the difference in retention times measured in centi- 
meters at peak maxima between the doxorubicin and the doxorubicinone 
peaks and W2 and W1 are the peak widths a t  the base of the peaks in 
centimeters. 


A resolution factor of 2.2 is recommended. Experiments evaluated in 
statistical terms were performed eight to 10 times each. 


Sample Preparation-Vials-To obtain a concentration of 0.5 
mg/ml, the finished products were diluted as follows: 4, 8, or 10 ml of 
methanol was added to a lo-, 20-, or 50-mg vial, respectively. Then 2,2, 
or 1 ml of the resulting solution was transferred to a 10-ml volumetric 
flask and diluted to volume with methanol. Dilution factors were 20,40, 
or 100 ml, respectively. A 5-pl sample size was used. Peak areas of the 


Model 6001A, Waters Associates Milford Mass. 
Model U6K, Waters Associates, Milford, haas. 
Model 240, Waters Associates, Milford, Mass. 
Integrator 3380A, Hewlett-Packard Co., Palo Alto, Calif. 


lo pBondapak, Waters Associates, Milford, Mass. 
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Table I-Comparative Results by the Ammonium Sulfate and 
the CFR Methods 


& 


Ammonium Sulfate Method CFR Method 
Sample % d m g  % P P h  


DN 
n 


Figure 3-Chromatogram of dauno- 
rubicinone estimated at  0.5% of the 
parent compound with the HPLC 
conditions given under Experimental 
for estimation of the aglycones. 
Numbers indicate retention times in 
minutes. 


A, X W, X DF X P mg/vial = 
A, X 1000 Ccg/mg 


(Eq. 2) 


where A, is area of the sample peak, W ,  is milligrams per milliliter of the 
standard, DF is the dilution factor in milliliters, P is purity of the stan- 
dard in micrograms per milligram, and A, is area of the standard 
peak. 
Bulk Samples-The standard and bulk samples were diluted with 


methanol to a concentration of 0.5 mg/ml, and a 5-4  sample size was used. 
Peak area data of the bulk samples were compared to those of the stan- 
dard and calculated as follows: 


where W, is milligrams per milliliter of the sample. 
Estimation of Aglycones-The aglycone determination for each drug 


was developed for the range in which they usually occur in the prepara- 
tions analyzed (0.5-3.0% of the parent compound). Because of the rela- 
tively low aglycone concentrations in the preparations and the limitations 
of the microprocessor in calculating relatively small areas, the attenuation 
was changed to 32 and the flow rate was changed to 1.0 ml/min to ensure 
good precision. 


RESULTS AND DISCUSSION 


Optimal HPLC conditions established for this assay consisted of a 
mobile phase acidity of 3.5-7.0 to ensure a reasonably long column life- 
time, a turnaround time of <15 min to enable high productivity, and a 
resolution factor of a t  least 2.0 for accurate quantitation. 


Figure 1 shows the optimum HPLC profile achieved with the best 
ammonium sulfate solvent system. The pH was 4.0 and retention times 
for the last appearing peaks were 8 and 15 min at 2- and 1-ml/min flow 
rates, respectively. The resolutions for the first two peaks were 2.4 (Fig. 
l a )  and 2.7 (Fig. l b )  at 2- and 1-ml/min flow rates, respectively. Figure 
2 shows the optimum HPLC profile achieved with the heptanesulfonic 
acid system. The separation time was slightly over 10 min, the pH was 
3.5, and the resolution was 2.1 for the first two peaks with a 2-ml/min flow 
rate. No correlation between resolution and pH, flow rate (column 
pressure), or percent methanol could be found for either solvent system. 
However, the resolution was generally poorer a t  higher pH values. 


Since the ammonium sulfate solvent system at  pH 4.0 and 65% meth- 
anol gave slightly superior resolution and acidity than the heptanesulfonic 
acid solvent system, it was used for the rest of the study. This system was 
evaluated for quantitative estimation of doxorubicin, daunorubicin, and 
their aglycones. The aglycones were assayed at low levels relative to the 


Standard 100.0 912 100.0 912 
Sample A 1 97.5 889 97.6 890 


2 97.8 892 97.5 890 
3 98.2 896 98.7 901 


Sample B. 1 98.7 900 98.0 894 
2 97.9 893 97.7 891 
3 98.1 896 99.2 904 


Sample C: i 98.0 894 99.6 908 
2 96.2 879 97.0 885 
3 97.9 892 99.1 904 


parent compound since pharmaceutical preparations contain small 
amounts of these substances. 


Doxorubicin was assayed in the 1-5-pg/injection range. There is a linear 
relation between the peak area and the quantity of doxorubicin injected 
within this range. A standard curve must be determined for every com- 
bination of parameters. The standard deviation of these results was 0.71%, 
and the coefficient of variation was 1.65%. Similar results, a standard 
deviation of 0.77% and a coefficient of variation of 1.27%, were obtained 
for daunorubicin. 


Doxorubicin preparations are dispensed in 10- and 50-mg vials. Dau- 
norubicin is obtained as a bulk preparation or in 20-mg vials. Both drugs 
are dissolved in methanol to obtain a 0.5-mg/ml solution, and a 5-pl 
sample is injected. The content of the vials can be calculated as shown 
in the Experimental section. 


The precision for the estimation of doxorubicinone in the presence of 
a relatively large amount of doxorubicin and of daunorubicinone in the 
presence of a relatively large quantity of daunorubicin, expressed as 
standard deviation, is 1.27%. A linear relationship is shown between peak 
area data and the quantity of the algycones injected. Assay of these 
aglycones in either preparation is possible under these experimental 
conditions provided a standard curve is determined for each new com- 
bination of parameters. Figure 3 shows a chromatogram of the assay of 
daunorubicinone at  0.5% of the parent compound. 


Several pharmaceutical preparations were assayed by the new am- 
monium sulfate method, and the results (Table I) were compared to those 
obtained by the CFR method, which uses an internal standard. Com- 
parison of these data shows that results fall within a desirable range and 
that the proposed new method produces assay values comparable to those 
found by the official method. The average coefficient of variation is 0.70% 
for these measurements. The aglycone content was also determined for 
two bulk preparations used in this study; Samples A and B contained 0.34 
and 0.49% daunorubicinone, respectively. 
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Abstract 0 The solubility profiles of theobromine, theophylline, and 
caffeine at 25" were examined in binary solvent systems including di- 
oxane-formamide, water-polyethylene glycol 400, and. glycerin-pro- 
pylene glycol. Theobromine solubility was studied in dioxane-water 
mixtures, a solvent system that was investigated earlier for the solubility 
of theophylline and caffeine. Solubilities were calculated in these polar 
systems by a regression method, based on an extension of the Hilde- 
brandscatchard equation of regular solution theory. A linear relation- 
ship between the mixed solvent solubility parameter, 61, and dielectric 
constant, c, was introduced earlier and was confirmed in the present 
study. In addition, it was observed that a regression of log(activity coef- 
ficient) on c in a second or higher degree polynomial provides reasonable 
solubility values for the methylxanthines in mixed solvents. A direct 
regreasion of molal or mole fraction (but not molar) solubility against 61, 
c, or against volume percent of one or the other solvent in a binary solvent 
mixture provided a suitable measure of solubility for these crystalline 
drugs in mixed polar solvents. The drug's solubility parameter as deter- 
mined from peak solubility in mixed polar solvents varied somewhat, 
depending on the specific solvent system employed. It is suggested that 
a drug may exhibit one (or more) solubility parameters in nonpolar so- 
lutions and multiple solubility parameters in polar systems. The extended 
solubility approach serves for the back-calculation of solubilities in mixed 
solvent systems, even though the solubility parameter of the solute may 
vary from one solvent system to the next. 


Keyphrases Methylxanthines-solubility profiles using extended 
HildebrandScatchard equation Solubility-methylxanthinw in mixed 
solvents, extended HildebrandScatchard equation Hildebrand- 
Scatchard equation-modified, solubility profiles of methylxanthines 
in mixed solvents 


Previous reports (1-3) introduced an approach to esti- 
mate the solubility of drugs in mixed and pure solvent 
systems. The method employs the equation: 


Ask T m  Vzd -log x2 = - log - + - (61 - 6*)2 R T 2.303RT 


+- "" 2(6162 - W )  (Eq. l a )  
2.303RT 


or: 


-log x2 = hSr, log + -!k& (6: + 6$ - 2W)  (Eq. l b )  
R T 2.303RT 


where X2 is the mole fraction solubility of the drug, ASf 
is the entropy of fusion, R is the molar gas constant, T,,, is 
the melting point of the compound in Kelvin degrees, T 
is the absolute temperature at which the solubility is 
measured, V2 is the molar volume of the drug as a hypo- 
thetical supercooled liquid solute at temperature T ,  41 is 
the volume fraction of the solvent, 61 and 62 are the solu- 


bility parameters of the solvent and solute, and W is the 
solute-solvent interaction energy. Subscript 1 is used for 
solvent and subscript 2 for solute. The W value is com- 
puted for the drug in each solvent mixture, using Eq. lb .  
It may, in turn, be back-calculated employing a power se- 
ries regression in 61 to estimate mole fraction or molal 
solubilities. By knowing the density of the solution at a 
particular temperature, it is also possible to convert these 
calculations to molar solubilities. The term V&/2.303RT 
is designated in this study by the symbol A. The present 
work tests the extended Hildebrand solubility approach 
(as this method is called) with various binary solvent 
mixtures. 


EXPERIMENTAL 


The sources and treatment of methylxanthines and some of the sol- 
vents used were given previously (2 ,3 ) l .  Additional solvents employed 
in the present study were propylene glycol2, polyethylene glycol 4002, and 
glycerin2. Pertinent physicochemical properties of the xanthine deriva- 
tives are recorded in Table I. The solubilities of the drugs were deter- 
mined in a shaker bath employing 20-ml screw-capped vials containing 
an excess of the drug at  25 f 0.2". Equilibrium occurred well before 96 
hr. Samples were withdrawn after 96 hr and filtered through a 0.22-pm 
filter, and aliquots were removed and diluted for spectrophotometric 
assay. Runs were carried out in quadruplicate, and the four results were 
averaged. Densities of the saturated solutions and of the solvent mixtures 
were determined in quadruplicate a t  25 f 0.2" in 10-ml pycnometers. 


RESULTS AND DISCUSSION 


Theobromine was dissolved in mixtures of dioxane and water a t  25". 
The solubility profile is shown in Fig. 1. Table I1 contains the data used 
to plot the back-calculation line of Fig. 1, including Weale and A values. 
Solution densities and dielectric constants are also recorded in Table 
11. 


Ideal Solubility in  Relation to Maximum Solubility in Real Sys- 
tems-The ideal mole fraction solubility of theobromine at  25" is 0.0029, 
a value well below the ideal solubilities of theophylline (0.0190) and 
caffeine (0.0685) at  25" (Table I and Fig. 1) because of the greater AH,, 
value and high melting point (348") of theobromine. The peak solubility 
of theobromine in the best dioxane-water mixture (-70% dioxane) is well 
below ideal solubility (Fig. l ) ,  as observed previously for caffeine and 
theophyliine. This phenomenon was noted by Gordon and Scott (4) and 
by others (5 ,6) .  Scatchard et al. (7)  observed that the value of C ~ Z  (an- 


Reference 2 states that mean molar volumes of the binary solvent mixtures are 
calculated from .17, in which each molecular weight wea multiplied by the mole 
fraction of that Bvent in the mixture. "him is an error; the quantity used in Refs. 
2 and 3 and in the present study is volume fraction rather than mole fraction. * Fisher Scientific. 
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Dissolution Kinetics of Phenylbutazone 
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Abstract 0 This study investigated the possible effects of simultaneous, 
noninstantaneous, reversible chemical ionization of carbon acids on the 
dissolution of a typical pharmaceutical carbon acid, phenylbutazone, and 
its deutero analog. The dissolution rate versus pH profile for phenyl- 
butazone was consistent with phenylbutazone acting as if it were an acid 
where the ionization can be considered instantaneous. In view of the 
dissolution behavior of phenylbutazone under various conditions, it is 
unlikely that the noninstantaneous ionization kinetics demonstrated for 
this compound play a major role in determining the dissolution rate, ei- 
ther in uitro or in uiuo, since the average residence time in a typical 
aqueous diffusion layer for phenylbutazone dissolution is longer than 
the reaction time for its ionization. Slowing the reaction time with a 
primary isotope effect by deuterium substitution for the ionizable proton 
caused significant deviation from classical behavior for d-phenylbuta- 
zone. 


Keyphrases Phenylbutazone-dissolution kinetics Kinetics- 
dissolution phenylbutazone Dissolution-kinetics of phenylbutazone 


Anti-inflammatory agents-phenylbutazone, dissolution kinetics 


In modeling the dissolution of carboxylic acids into 
aqueous, alkaline media (1, 2), all reversible ionization 
reactions occurring in the diffusion layer are considered 
instantaneous1. Carbon acids, where the dissociating 
proton is bound to a carbon atom rather than to a hetero- 
atom, have been shown to undergo noninstantaneous rates 
of ionization (3-5); i .e. ,  proton abstraction rate constants 
are considerably slower than 1O1O M-llsec. The present 
study investigated the possible effects of simultaneous, 
noninstantaneous, reversible chemical ionization of carbon 
acids on the dissolution of phenylbutazone (I). 


An anti-inflammatory agent, phenylbutazone was cho- 
sen because it has been demonstrated to have dissolution 
rate-limited absorption (6-9) and noninstantaneous ion- 
ization kinetics (3). Furthermore, studies on the mass 
transport of phenylbutazone have described behavior that 
seemed not entirely explicable by models with the as- 
sumption that this drug undergoes instantaneous ioniza- 
tion (10-12). 


The pH-stat, rotating-disk system described previously 
(1) was particularly useful for the study of the phenylbu- 
b o n e  dissolution mechanism in aqueous media of variable 
bulk solution pH since buffers have been demonstrated to 
catalyze markedly the rate processes involved in its ion- 
ization (3). The inclusion of buffers in the dissolution 
medium complicates the theoretical considerations of any 
model and prevents any possible effects of noninstan- 
taneous ionization on phenylbutazone dissolution rates 
from being observed. 


THEORETICAL 


The ionization kinetics of phenylbutazone can be described by Schemes 
I and I1 and are adapted from the work of Stella and Pipkin (3). In these 


~ ~ 


1 Instantaneous is regarded here in the chemical kinetic sense, in whlch a reaction 
rate constant is a t  or approaches the diffusion-controlled limit of -2 X 10'O 
M-'lsec. 


I 
schemes, K is the diketo form of phenylbutazone, E -  is the enolate anion, 
and OH- and H+ represent hydroxide and hydrogen ions, respectively. 
It was demonstrated (3) that in an aqueous solution of ionic strength (p) 
0.1 and at  2 5 O ,  an enol form comprises a minor portion of the total un- 
dissociated phenylbutazone (-2%). Therefore, it was assumed that solid 
phenylbutazone exists predominantly as the diketo form, and any ion- 
ization during dissolution due to reaction with water and hydroxide ion 
was regarded as occurring solely from this species. 


It was assumed that a previously described (1) diffusion layer model 
generally applied; the only difference between the previous model and 
the present one was that chemical reactions involving the diketo or en- 
olate forms of phenylbutazone were assumed to be noninstantaneous with 
respect to the diffusion process. Phenylbutazone species were not pre- 
sumed to be in equilibrium with one another a t  any point within the 
diffusion layer. 


When the bulk solution pH (pHbulk) was maintained only by controlled 
addition of hydroxide ion from a pH-stat system (l), the various reactions 
occurring within the diffusion layer were given by Schemes I and 11. 


K ~ H +  + E- 


K + OH- SH~O + E -  


k2  


Scheme I 


kr  


Scheme II 
Also occurring in the diffusion layer was the spontaneous ionization of 
water (Scheme 111). 


H+ + OH- 6 HzO 
Scheme III 


A t  steady state during the dissolution of phenylbutazone, a mass bal- 
ance for each diffusing species may be written accounting for both 
chemical ionization reactions and Fickian diffusion within the diffusion 
layer: 


- [K](k3[OH-] + k l ) ]  = 0 (Eq. 2) 


where [KJ, [E-1, [OH-], and [H+] represent the concentrations of the 
various species; D K .  DE,  DOH,  and DH are their diffusivities; t is time; 
kl-4 are the rate constants described in Schemes I and 11; and where I: 
is the distance of any point from the solid-liquid interface. 


The relationship between [H+] and [OH-] is defined in the diffusion 
layer by: 
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K,,, = IH+llOH-l (Ea. 5) deuterated and protonated forms were compressed into solid disks of 


but the relationships between [K] and [E-] and [H+] and [OH-] cannot 
be given by :I series of simple equilibria because of the noninstantaneous 
nature of the ionization reactions involved. Since the rates of intercon- 
version between K and E- at any point in the film depended on their 
respective concentrations and [H+] and [OH-] a t  that position, there was 
no simple analytical solution of Eqs. 1-4. Therefore, to predict whether 
the noninstantaneous nature of phenylbutazone ionization was likely to 
affect the dirisolution rate of the acid, numerical integration methods were 
used with Eqs. 1-4 to provide approximate film concentration profiles 
for [K] and interfacial pH values, pHo, under various pHbulk condi- 
tions. 


EXPERIMENTAL 


Materials-Phenylbutazone2 and 2-naphthoic acid3 were obtained 
in pure crystalline forms. Deuterium oxide3 (99.9 mole % purity), deu- 
terium chloride3 solution (10 M), and sodium deuteroxide3 (40% solution) 
were all used without further purification. Reagent grade hydrochloric 
acid4 and sodium hydroxide4 were obtained as prepared (1 M) solutions. 
All other chemicals were reagent grade. 


Preparation of Deuterated Phenylbutazone and 2-Naphthoic 
Acid-Deuiterated phenylbutazone was prepared by dissolving -5 g of 
nondeuterated phenylbutazone in 50 ml of deuterium oxide and 1.0 ml 
of 40% sodium deuteroxide with vigorous agitation. Upon addition of 1-2 
ml of 10 M d.euterium chloride, a gel-like precipitate was formed; it was 
filtered and dried ilt 50-60' under vacuum for 1-2 hr. After recrystalli- 
zation in 99.9% deuterated ethanol3 (d-ethanol), TLC, using a solvent 
system of 7% (v/v) acetone in toluene, showed only one spot that corre- 
sponded to phenylbutazone. 


The melting point of the pure phenylbutazone standard (starting 
material) WEB 105-106", and that of the precipitate prior to recrystalli- 
zation was 915-106' (transition observed in that range). The polymor- 
phism of ph(eny1butazone has been well documented(l3,14), and it ap- 
peared that the highest melting and, therefore, most thermodynamically 
stable crystalline form of phenylbutazone, has a melting point of 105- 
106'. After xecrystallization in d-ethanol and drying at 50-60' in uucuo 
for 2 hr, deuterated phenylbutazone (d-phenylbutazone) gave a sharp 
melting point of 105-106". Therefore, it was assumed that the crystalline 
form of d-phenylbutazone was very similar to that of the pure nondeu- 
terated material. 


2-Naphthoic acid was deuterated in a similar manner, using approxi- 
mately the same amounts of solid and reagents. On measuring the melting 
points of the starting protonated material and the deukrated precipitate, 
they were 184-185' (lit. mp 185-187') and 179-181', respectively. After 
recrystallization of the precipitated deuterated compound in d -ethanol, 
the melting point of the pure solid was only 180-181', -4' lower than 
the starting material. 


IR and NlMR spectra were obtained to confirm the deuteration sites 
in both compounds. Pbenylbutazone was deuterated oniy a t  the 2-posi- 
tion, with the percentage deuteration being estimated at  >go%. Na- 
phthoic acid was similarly deuterated only on the exchangeable carboxy 
function, the percentage deuteration again being estimated at >WO. Both 
deuterated compounds were stored in a desiccator until required. 


Solubility and pKa Measurement of Phenylbutazone-The 
aqueous solubility of phenylbutazone at p = 0.5 (potassium chloride) and 
25' was determined as described earlier (1). Additionally, a spectro- 
photometric method was used to obtain the pKa of phenylbutazone in- 
dependently. Phenylbutazone showed a strong bathochromic shift a t  
240-300 nm on addition of base to an aqueous solution of the compound. 
Thus, aliquots of an approximate 1.3 X M aqueous solution of 
phenylbutazone at p = 0.5 with potassium chloride were taken and, using 
0.1-1.0 M NaOH or HC1, were adjusted to pH values of 2.0-10.0. The 
absorbance of each solution was measured at  262 nm with a UV-visible 
spectrometer5. 


The pKa and intrinsic solubility of 2-naphthoic acid were measured 
by the solubility method as described previously (1) at 25' and p = 0.5 
(potassium chloride). 


1.3-cm diameter-as described previously (1). 
The adherence of the dissolution rate from a rotating disk of constant 


surface area at  a given pHbulk to a diffusion layer-controlled model de- 
scribed by the Levich-Nernst relationship (1) was tested for in all four 
compounds. Phenylbutazone, 2-napbthoic acid, and deuterated 2-na- 
phthoic acid (d-2-naphthoic acid) were tested in a medium of pHbulk 2.00 
(0.49 M KU-0.01 M HCl), p = 0.5, and 25'. Dissolution rates of phe- 
nylbutazone and d -phenylbutazone were also measured at  pHbulk 6.50 
as a function of disk rotation speed, using a pH-stat system to maintain 
the bulk solution pH constant. To compare phenylbutazone dissolution 
rates under acidic conditions, the dissolution rates of d-phenylbutazone 
were also measured at  600 rpm under acidic conditions. The method and 
apparatus used were exactly as described previously (1). 


To measure dissolution rate as a function of pHbulk, the solid acid disks 
were rotated at  a constant speed in media of different pH values. For 
phenylbutazone and d -phenylbutazone, the disk rotation speed was 600 
rpm; for d-2-naphthoic acid and 2-naphthoic acid, it was 450 rpm. The 
difference was due to the compound's relative solubilities and the period 
of time required to measure each dissolution rate. 


Dissolution Rate Simulations-Where phenylbutazone and/or 
deuterated phenylbutazone dissolution was simulated, the boundary 
conditions were defined as follows: 


1. At the rotating-disk surface, i e . ,  X = 0, [ K ]  is given by the intrinsic 
solubility of phenylbutazone, [HA]o. 


2. To estimate the boundary condition for [E-] at  the wall, the ex- 
perimentally observed flux (Jobs) was used since it was equal to the sum 
of K flux, JK,  and E-  flux, JE ,  and [E-] was changed successively until 
the value for Jobs simulated was equal to Jobs  experimentally ob- 
served. 


3. To set the boundary condition for [OH-], it was assumed that at 
any given point, the [E-] flux out of the diffusion layer should be equal 
to the influx of [OH-] plus the flux of [H+] out (1) since any change in 
the flux of [OH-] must also be reflected by corresponding changes in [E-] 
and [H+]. This statement was expressed as: 


flux of [E-] out = flux of [OH-] in + flux of [H+] out (Eq. 6) 


4. The value of JOH, as well as of JE and JH,  can be calculated at any 
given point in the diffusion layer by using Fick's first law of diffusion (15). 
Then, when [OH-] flux calculated by this means was found to be equal 
to the value obtained using Eq. 6, the boundary condition for [OH-] was 
defined. Thus: 


0%. 7) d W - I  - DOH - - flux of [E-] - flux of [H+] 
dX 


5. The boundary condition for [H+] at the wall was given by the 
equilibrium relationship between [OH-] and[H+] (Eq. 5). 


6. Since the bulk concentrations for E- and K were very low, they were 
considered to be zero (initial rates were assumed). The boundary con- 
ditions at X = h for [OH-] and [H+] were given by the bulk pH. Thus, 
all boundary conditions required for the simulation of phenylbutazone 
dissolution were set. These conditions are summarized here. 


A t X = O  


[K]o = solubility of HA 


[H+]h = from bulk pH Initial Dissolution Rate Measurement as Function of Rotation 
Speed and pH-Phenylbutazone and 2-naphthoic acid in both their 


To solve the two-point value problem, conditions on each side of the 
boundary must be specified. This was not the case in these simulations. 
One alternative was to guess the initial slopes at one boundary and to 
solve the problem as an initial value problem "shooting" repeatedly at 
the other boundary until the known boundary conditions were satisfied 
(16, 17). Since this approach was costly and time consuming, a second 


Ciba-Geigy Pharmaceuticals, Summit, N.J. 
Aldrich Chemical Co., Milwaukee, Wis. 
Fisher Scientific Co., Fair Lawn, N.J. 


5 Model 21!3, Cary Instruments, Calif. 
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approach was taken where the dissolution of phenylbutazone was simu- 
lated assuming steady-state conditions. The nonsteady-state solution 
continued until steady state was achieved. It was necessary to establish 
four initial conditions besides the eight boundary conditions already 
described to solve the system as a nonsteady-state problem. 


Thus, the initial conditions for phenylbutazone and all of the diffusing 
species were given by, a t  t = 0 


[K]o  = solubility of [HA10 


[OH-]o = from bulk pH 


[H+]o = from bulk pH 


[E-]o = 0 


The mathematical model representative of phenylbutazone dissolution 
was represented by a set of four nonlinear partial differential equations 
(Eqs. 1-4), which could be written in finite difference forms. 


Let the diffusion layer be divided into M grid points denoted by Xi, 
i = 1,2, . . . M. The time index was given by the subscript n, where n + 
1 is the new time and n is the old time. 


The left side of Eqs. 1-4 written in finite-difference approximation 
by: 


(Eq. 8) 


where N represents any of the species, K ,  E - ,  OH-, or H+. The right side 
of Eqs. 14 can be written in terms of the Crank-Nicolson (15,18) implicit 
finite-difference formulation, around the node i ,  as follows: 


(Eq. 9) 
where: 


where DN is the diffusivity of the particular N species being consid- 
ered. 


As shown by the preceding equations, the kinetic terms impose non- 
linear characteristics to the system. If it is assumed that these kinetic 
terms are considered at time n instead of time n + 1, the solution of these 
equations becomes available by using a Crank-Nicolson technique. This 
assumption causes no great deviation compared to the results obtained 
using the shooting method. 


When Eqs. 1-4, expressed by finite-difference approximations, were 
applied to the various grid points in the diffusion layer, a set of M - 1 
linear equations resulted at each time step. The coefficients formed a 
tridiagonal matrix, which could be solved by a Gaussian elimination 
technique (19) with a maximum of three variables per equation. 


I I L I 


0' 60 100 150 200 250 300 
l/[H*I X lO-'M-' 


Figure 1-Rot of the aqueous solubility of phenylbutazone versus 
I/[H+] (25' at k = 0.5 with potassium chloride). 


After solving the system for [N]I,n+l at  the next iteration, the process 
was tested for convergence at every grid node: 


where A[N]i was the difference of [ N ]  between two grid points, and the 
value of tolerance was specified. 


The Crank-Nicolson method was stable for all values of the ratio X = 
At/(AX)2 for linear equations. However, this system was not linear. When 
a small At was used, the amount of computation was large. For the case 
of X < 4000, the system was stable but convergence was reached over a 
longer period. When X > 20,000, the system became unstable. Finally, 
when X = 4000, the system converged rapidly, saving computation 
time. 


RESULTS AND DISCUSSION 


The solubility of phenylbutazone was measured as a function of the 
reciprocal of the hydrogen-ion concentration (l/[H+]) in 0.1 M acetate 
buffers (p  = 0.5 with potassium chloride). The results are plotted in Fig. 
1. The intrinsic solubility of undissociated phenylbutazone species, [HA]o, 
and the macroscopic dissociation constant, K , ,  are related to the total 
solubility ( S )  of phenylbutazone by: 


(Eq. 12) 


By plotting S uersus l/[H+], a straight-line relationship gives [HA10 
as the intercept and ([HA]&) as the slope. Dividing the slope by the 
intercept gives K,,  which is the macroscopic dissociation constant for 
phenylbutazone (3). 


The pKa of phenylbutazone determined by spectrophotometry may 
be given by: 


(Eq. 13) 
pKa = pH + log A base - A obs 


Aobs - Amid 


where pKa is the macroscopic value measured at p = 0.5 with potassium 
chloride, Absse is the absorbance of a given solution of phenylbutazone 
under basic conditions where the phenylbutazone is virtually 100% in its 
anion form, Aacid is the absorbance of the same solution under acidic 
conditions where phenylbutazone exists essentially as 100% in the pro- 
tonated form, and Aobs is the absorbance of the same solution at a pH 
between the two extremes (denoted as pH in Eq.13). The pKa values of 
phenylbutazone under these experimental conditions were 4.61 (solubility 
technique) and 4.54 (spectrophotometric technique), and the intrinsic 
solubility was 2.61 X M. 


Deuteration of Phenylbutazone and 2-Naphthoic Acid-IR and 
NMR studies of the deuterated and nondeuterated forms of phenylbu- 
tazone and 2-naphthoic acid showed conclusively that the acidic proton 
of the nondeuterated forms was exchanged for deuterium and that no 
other protons in the molecules were affected. NMR spectra of both pairs 
of compounds showed the disappearance of the acidic proton signal ( 6  
12.5 ppm for 2-naphthoic acid6 and 3.2 ppm for phenylb~tazone~ with 
reference to a tetramethylsilane standard). On deuteration, no other 
differences in the NMR spectra were observed. 


IR spectra of both forms of phenylbutazone were very similar except 
for a sharpening of a peak at 2860 cm-' and the presence of additional 
peaks at  2060 cm-l and 1100-1200-~m-~ for the deuterated form. The 
IR spectra for both forms of 2-naphthoic acid showed a more noticeable 
difference between the compounds. The broad band, typically associated 
with intermolecular hydrogen bonding (2200-2100 cm-'1, was present 
in the spectrum of the protonated form but virtually absent in that of the 
deuterated form. This finding suggested that the lower melting point of 
the deuterated 2-naphthoic acid (180-181") compared to that of the 
protonated form (184-185') was due to a significantly lower degree of 
hydrogen (or deuterium) bonding in the deuterated 2-naphthoic acid. 


Initial Dissolution Rates as a Function of Disk Rotation 
Speed-Table I shows the initial dissolution rates of phenylbutazone 
as a function of disk rotation speed in solutions of pHbulk 2.0 and 6.50 and 
of d-phenylbutazone as a function of the same disk rotation speeds at 
PHbulk 6.50. These data are plotted versus coliz (a function of rotation 
speed) in Fig. 2. Table I1 shows the initial dissolution rates of 2-naphthoic 
acid and d-2-naphthoic acid in a solution of pHbulk 2.0 at varying disk 


6 Solvent used was deuterated chloroform-dimethyl sulfoxide-de, -1:2. ' Solvent used was carbon tetrachloride with tetramethylsilane standard in 
deuterated chloroform. 
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Table I-Initial Dissolution Rates ( J o b )  of Phenylbutazone and 
d-Phenylbu.tazone at Varying Disk Rotation Speeds in Media of 
p = 0.5 with Potassium Chloride and Varying pHbulk at 25" 


%Or 


Disk d -Phenvl- 
Rota- - Phenylbutazone butazone, 
tion Job (*SB)b Jobb 


100 3.24 1.23 (f0.26) 3.68 3.04 
200 4.58 1.66 (f0.04) 4.74 3.66 
300 !i.61 1.80 (f0.17) 5.88 4.32 
450 6.87 2.04 (f0.12) 6.64 4.94 
600 '7.93 2.58 (f0.34)e 7.24 5.66 
900 !L71 - 8.67 6.50 


I) The angular velocity of the disk in radians per second. * The standard deviation 
is from at least four measurements; where standard deviation values are not given, 
the mean was obtained from two or three similar values. (The J units are mg 
cm%ec and not moles crn-'%ec). In 0.01 M HC1/0.49 M KCl solution. d In 0.5 
M KCl solution, pH-statted. d-Phenylbutazone under these conditions gave an 
initial dissolution rate of 2.98 X (f0.23 X mg cm-2/sec. 


Table 11-Initial Dissolution Rates ( J o b )  of 2-Naphthoic and d- 
2-Naphthoia Acids at Varying Disk Rotation Speeds in Media of 
p = 0.5 with Potassium Chloride and pHbulk 2.00 a at 25" 


Rotation 
Speed, 


rpm w1/2c Acid Acid 


100 3.24 3.63 (i0.09)d 3.71 (f0.13) 
200 4.58 4.88 (i0.06) 4.87 (f0.13) 
300 5.61 5.78 (i0.05) 5.74 (f0.17) 
450 6.87 7.37 (&0.47) 7.32 1*0.48) 
600 7.93 8.52 (g0.52j 8.40 iIo.18j 
900 9.71 10.09 (i0.57) 10.01 (f0.36) 


Medium was 0.01 M HCll0.49 M KCI with no pH-stat used during dissolution 
The standard deviation from three repeated runs. The angular velocity runs. 


of the disk in radians per second. d All units are in mg/cm2/sec. 


rotation speeds. These data were not plotted because they are essentially 
identical to those given previously (1). All the dissolution rate data as a 
function of rotation speed are summarized in Table 111. 


The Levich-Nernst model states that J, the dissolution rate from a 
rotating disk of solid material, is directly proprotional to w1/2, a function 
of the disk's rotation speed, as seen by: 


J = 0.62 D2/3v-1/6Csw1/2 (Eq. 14) 


where D is the diffusivity of the dissolving solute, v is the kinematic vis- 
cosity of the dissolution medium, Cs is the saturated solubility of the 
dissolving so'lute in the medium, and w is the angular velocity of the ro- 
tating disk in radians per unit time. From Fig. 2, phenylbutazone under 
acidic conditions appeared to show a reasonable degree of linearity when 
J was plotted against w1I2. Therefore, phenylbutazone dissolves by a 
diffusion layer-controlled mechanism under acidic conditions since the 
correlation coefficient for this plot was reasonable and the calculated 
diffusivity from these data (4.90 X cm2/sec) was very close to that 
obtained from the square root relationship previously discussed (1) using 
the diffusivi1,y of benzoic acid under identical conditions as a stan- 
dard. 
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Figure 2-Levich plot of the dissolution rate (J) as a function of the 
square root of the angular velocity (w1l2) of a rotating disk of phenyl- 
butazone (8) and d-phenylbutazone (0) at p H  6.5 (maintained by a 
pH-stat) and of phenylbutazone (A) at pH2.0 (25" at p = 0.5 withpo- 
tassium chloride): 


Initial dissolution rates of phenylbutazone and d-phenylbutazone with 
varying rotation speed at PHbulk 6.50 did not strictly obey the Levich 
model but showed the type of behavior that indomethacin displayed in 
earlier work under similar conditions (1). An additional mechanism ap- 
peared to be contributing to the dissolution rate of pHbulk 6.50, which was 
independent of the disk rotation speed as shown by a nonzero inter- 
cept. 


It was assumed that a modified form of the Levich-Nernst relationship 
applies: 


J = (0.62 D2/3~-*/6C~)w112 + constant (Eq. 15) 


where the constant represents the nonzero intercept a t  zero rotation 
speed. The cause of this nonzero intercept is unknown but is being 
studied. 


Table 111-Summary of Data Obtained for Protonated and Deuterated Forms of 2-Naphthoic Acid and Phenylbutazone from the Job 
versus w1/2 ]Regression Analysis (Data in  Tables I and 11) Performed at Varying pHbulk and 25" 


Diffusivity 
Slope of Intercept of Correlation from Slope, 


J o b  versus w1I2 J o b  versus w1/2 Coefficient (cm2/sec) 
Compound PHbulk x 106 x 105 for r x 106 


2-Naphthoic acid 
d-2-Naphthoic acid 
Phenylbutazone 
P hen ylbutazone 
d -Phenylbut,szone 


2.00 
2.00 
2.00 
6.50 
6.50 


10.44 
' 10.30 


3.07 
7.59 
5.46 


0.01 
0.01 
0.10 
1.34 
1.23 


0.9991 6.52O 
0.9989 6.39" 


0.9961 - 
0.9975 - 
0.9792 4.806 


Calculated from Levich relationship (R. 14) and [HA10 = 2.23 mg/ml in p = 0.5 with potassium chloride. Calculated from Levich relationship (Eq. 14) and [HAIo 
= 8.1 X mg/ml. 
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Table IV-Absolute Dissolution Rates from Rotating Disks of 
Phenylbutazone and d-Phenylbutazone (600 rpm) as a Function 
of Bulk Solution pH a 


160 


140 


YI 120- z 
-8  
$100 
E 
Y 


5 8 0 -  


X 


- r 


60 


PHO 
PHbulk (at x = 0)  J2b J L r  


2.00 2.00 8.35 10.12 8.10 
3.00 3.00 6.53 - 8.28 
4.00 4.00 9.42 8.74 10.04 
4.50 4.46 - 11.95 13.78 
5.00 4.78 19.95 11.25 20.01 
5.50 4.91 - 16.06 24.36 
6.00 4.96 - 17.92 26.12 
6.50 4.97 - 19.83 26.74 
7.00 4.98 27.18 20.27 27.00 
8.00 5.00 28.26 22.03 27.91 
8.50 5.05 30.34 24.46 30.06 
9.00 5.18 38.34 32.95 38.07 
9.20 5.28 49.53 - 46.11 
9.50 5.50 78.76 68.25 70.90 
9.70 5.68 110.29 - 102.40 


10.00 5.96 165.03 169.97 190.67 
10.20 6.16 297.75 - 295.60 


- 


- 


- 


- 


~~~~~ ~ 


' Jk, is the calculated flux, assuming phenylbutazone acts as a classical acid; 
J%, is the observed flux of phenylbutazone; and J t b  is the observed flux of d -  
phenylhutazone. All values of J are in units of moles cm-*/see x 10". 


The two forms of phenylbutazone did not dissolve at the same rate a t  
a given disk rotation speed at pHbulk 6.5, with d-phenylbutazone dis- 
solving more slowly than phenylbutazone. Although d-phenylbutazone 
dissolution rates were not extensively measured under acidic conditions, 
a value was determined at 600 rpm at PHbulk 2.00, and it did not differ 
significantly from that obtained for phenylbutazone under the same 
conditions. Hence, the difference in dissolution rates of these compounds 
at pHbulk 6.50 may be due to a difference in the ionization rates of the two 
species within the diffusion layer. 


The dissolution rates of 2-naphthoic acid and d-2-naphthoic acids 
under acidic conditions as a function of disk rotation speed showed that 
there was no significant difference between the two compounds when 
ionization was suppressed during the dissolution process. Thus, it was 
assumed that the deuteration of 2-naphthoic acid did not affect the in- 
trinsic solubility of the acid, despite differences in crystal lattice energies 
(assumed from the melting point data) being observed between the dis- 
solving solids. In view of the lability of deuterium bonded to a carboxylic 
acid oxygen atom, the similarity between results obtained for the disso- 
lution rates of the two forms of 2-naphthoic acid was probably due to 
rapid exchange of deuterium with hydrogen in water immediately at the 
solid-liquid interface during dissolution. Thus, the diffusion rate of the 
nondeuterated form away from the solid-liquid interface was observed 
in both cases. 


Initial Dissolution Rates as Function of pHb,lk-Tables IV and 
V contain initial dissolution rate data for both deuterated and protonated 
forms of phenylbutazone and 2-naphthoic acid as a function of pHbulk 
(maintained by pH-stat) and at a constant rotation speed. Also included 
are the theoretical values expected if 2-naphthoic acid and phenylbuta- 
zone acted as classical acids, ionizing instantaneously as they diffused 
through the diffusion layer (1). 


Adherence of the dissolution rates of 2-naphthoic acid to the model 


Table V-Absolute Dissolution Rates from Rotating Disks of 2- 
Naphthoic Acid (450 rpm) as a Function of Bulk pH a 


- 


JZeor, JYb, Jfbs. 
PHo (moles (moles (moles 


( X  = 0 cm-2/sec) cm-2/sec) cm-Vsec) 
pHbulk from theory) x 10'0 x 10'0 x 10'0 


2.00 2.00 3.950 4.280 4.249 
6.00 4.28 11.130 13.300 13.547 
7.00 4.29 11.200 13.820 13.853 
8.00 4.29 11.270 13.590 13.754 
8.50 4.30 11.430 14.170 14.056 
9.00 4.33 11.940 14.990 15.305 
9.20 4.35 12.400 16.150 16.561 
9.50 4.42 13.760 18.240 18.683 


10.00 4.49 22.560 27.360 26.520 
J L r  is the calculated mass transport rate, J& is the observed flux of the pro- 


tonated acid, and J f  is the observed flux of the deuterated acid. 


1 8 0 1  


40 I 
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2 4 6 8 10 


PHbulk 
Figure 3-ksolution rate (J) versus pHbalk profile for phenylbutazone 
(A) and d-phenylbutazone (B) from a rotating disk (600 rpm) dissolving 
in an aqueous medium (25' at  p = 0.5 with potassium chloride). The 
pHbulk was maintained with a pH-stat. The continuous line represents 
the profile generated treating phenylbutazone as a carboxylic acid. 


described earlier ( l ) ,  assuming instantaneous chemical-ionization reac- 
tions within the diffusion layer, was already established. Since the values 
for 2-naphthoic acid and the d-2-naphthoic acid (J&) closely agreed at 
every PHbulk value tested and since these values approximated those 
predicted by theory (Jheor), it may be reasoned that the deuterated and 
nondeuterated forms of 2-naphthoic acid diffuse and simultaneously 
react with base in the same way and to the same extent. This reasoning 
also confirmed that the two compounds dissolved and instantaneously 
achieved equilibrium with the reacting base in the diffusion layer and, 
therefore, acted in a classical manner. This behavior was consistent with 
the more rapid exchange of deuterium for hydrogen relative to the time 
taken for the molecules to traverse the diffusion layer. If exchange oc- 
curred instantaneously for the d-2-naphthoic acid at the solid-liquid 
interface, then it should dissolve identically to 2-naphthoic acid. 


The data for deuterated and nondeuterated phenylbutazone (Table 
IV and Fig. 3) may be compared in the same way as for 2-naphthoic acid. 
Comparison between the Jobs values for the two phenylbutazone forms 
to the Jtheor values for the same pHbulk showed that the fluxes of d -phe- 
nylbutazone were significantly slower than those of phenylbutazone by 
-10-45% over the neutral pHbulk range. Furthermore, phenylbutazone 
gave experimental dissolution rates very close in value to those predicted 
by the theory (1) that assumed instantaneous equilibrium. Therefore, 
at 25' and p = 0.5 with potassium chloride and over a wide range of bulk 
solution pH, phenylbutazone was an example of a compound dissolving 
into a reactive medium showing simultaneous noninstantaneous chemical 
reaction that could be treated as if its ionization was instantaneous; i.e., 
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Figure 4-Plot of residence time (tD) and apparent diffusion layer 
thickness (h) for phenylbutazone as defined by Eqs. 18 and 19 versus 
w (angular velocity) for dissolution from a rotating disk. Times are 
shown for three half-lives for the deprotonation reaction (at pHbulk  6.5). 
Key: - - -, phenylbutazone, and -.-, d-phenplbutazone. 


the experimental results suggested that the ionization was still rapid 
enough that, relative to the diffusional processes, phenylbutazone still 
acted classically. 


Contrary to the results shown for deuterated and nondeuterated 2- 
naphthoic acids, d -phenylbutazone dissolution between pHbulk 5.00 and 
9.00 was markedly slower than that of phenylbutazone. It was thought 
that by studying d -phenylbutazone, where deuterium was exchanged for 
hydrogen at the ionizing center of the phenylbutazone molecule, any 
effects on its (dissolution rate in reactive media due to the noninstan- 
taneous ionization kinetics of phenylbutazone would be amplified. The 
rationale for this approach was explained earlier (12) and was based on 
the comparative strengths of a C-D and a C-H bond, a greater free energy 
of activation (AGt) being required to break the C-D bond for ionization 
than that required in the breaking of the C-H bond. Hence, the values 
of k l  and k3 in Schemes I and I1 should be smaller for d-phenylbutazone, 
whereas kp and k4 should remain the same as in phenylbutazone if it is 
assumed that the reverse reaction, once the deuterium is removed, in- 
volves only protons. 


Residence Time and Ionization Reaction Time in Diffusion 
Layer-When phenylbutazone diffuses across the aqueous diffusion 
layer during dissolution in an unreactive medium (i.e., under acidic 


conditions) under steady-state conditions, the concentration profile for 
the acid will be linear as given by the Nernst model (1). Higuchi et al. (20) 
demonstrated that, under these conditions, the residence time ( tD ) ,  which 
was the average lifetime of a diffusing molecule in the diffusion layer of 
thickness h, was inversely proportional to the diffusivity of the molecule. 
The relationship between t ~ ,  the diffusivity, and diffusion layer thickness 
is given by: 


h 2  
I' tD = - 


~ D K  
(Eq. 16) 


where DK is as previously described. Since an expression for h is given 
by the Levich rotating disk model shown by: 


h = 1.612 DK1/3 y116 u-112 (Eq. 17) 


substitution for h may be performed in Eq. 16 to give: 


(Eq. 18) 


Thus, for the specific case of steady-state initial dissolution conditions 
from a rotating disk, Eq. 18 states that t D  is inversely proportional tow, 
the angular velocity of the disk in radians per unit time. 


Figure 4 shows a plot of residence time and diffusion layer thickness 
uersus w for phenylbutazone, assuming that no chemical reaction occurs 
during the dissolution process (calculated from parameter values pre- 
viously determined). For convenient representation of the relationship 
between t D ,  h, and rotation speed, the abscissa is also marked in revo- 
lutions per minute (directly proportaional to w). 


When phenylbutazone was dissolving into a medium of pH greater than 
its pKa, it would tend to dissociate according to the pH of the diffusion 
layer. With classical acids, this dissociation process was instantaneous, 
as described for 2-naphthoic acid. For a carbon acid such as phenylbu- 
tazone, however, the observed rate constant for the rate of approach to 
this equilibrium can be slow (3). 


Astarita (21) defined a reaction time (t,) that is similar to the half-life 
in a first-order or pseudo-first-order reaction and is given by: 


where k is a simple first-order or pseudo-first-order rate constant defining 
the reaction processs. Therefore, the t ,  value represents the time taken 
to complete 63% of the given reaction by a first-order mechanism. 


If the given average reaction time was much longer than the average 
residence time of phenylbutazone in the diffusion layer under defined 
hydrodynamic conditions, the reaction would only effectively take place 
in the bulk solution. As the reaction time (t,) decreased to where it be- 
came closer in value to t D ,  the dissociation reaction would influence the 
flux as defined by Eqs. 1-4. Once t ,  becomes much smaller than tD, 
phenylbutazone should behave classically, i.e., as in the case of 2- 
naphthoic acid. 


Phenylbutazone ionization kinetics cannot normally be represented 
by a simple overall first-order process (3). Stella and Pipkin (3) described 
an equation for calculating the observed buffer-independent rate constant 
for approach to the ionization equilibrium (Eq. 20) for phenylbutazone 
and specified conditions under which it may be simplified. 


where kobs is the rate constant for the approach to equilibrium, kl-4 are 


Table VI-Catlculated kobs and ( t r )  across the Diffusion Layer of Phenylbutazone Dissolving in pHbulk 6.50 Using a pH-stat at p = 0.5 
and 25' 


Fractional 
Distance 


across 
Film 
(x/h)" PHX 


[H+1xb, 
M 


0 4.97 9.42 x 10-lo 1.06 x 10-5 10.1 2.24 12.34 8.10 
0.2 5.05 1.12 x 10-9 8.96 X 10.1 1.89 11.99 8.34 
0.4 5.15 1.40 x 10-9 7.16 X 10.1 1.51 11.61 8.61 
0.6 5.29 1.93 x 10-9 5.18 X 10.1 1.09 11.19 8.94 
0.8 5.53 3.41 x 10-9 2.93 X 10.1 0.62 10.72 9.33 
1.0 6.50 3.16 X 3.16 x 10-7 10.1 0.07 10.17 9.94 


Actual value of h = 1.59 X lo+ cm. * Phenylbutazone is treated as a classical acid. kl, k2, and K., en01 from Ref. 3. Defined by Eq. 21. 
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DIFFUSION LAYER THICKNESS,cm x 10' 
Figure 5-Concentration profiles across an aqueous diffusion layer for 
phenylbutazone (- -) and d-phenylbutazone (-.-) at  p H b u l k  5. 


DIFFUSION LAYER T H I C K M S S ,  cm X lo3 
Figure 7-Concentration profiles across an aqueous diffusion layer for 
phenylbutazone (- -) and d-phenylbutazone (-.-) at  PHbulk 9. 


0.0 0.5 1 .o 1.5 
DIFFUSION LAYER THICKNESS,cm X lo3 


Figure 6-Concentration profiles across an aqueous diffusion layer for 
phenylbutazone (- -) and d-phenylbutazone (-*-) at p H b u l k  7. 


as given previously, [H+] is the hydrogen-ion concentration, [OH-] is the 
hydroxide-ion concentration at  which k&s is determined, and K.,enol is 
the dissociation constant of the enolic form of phenylbutazone (3). Al- 
though all of the data for these parameters were measured a t  p = 0.1 and 
25" (3). it will be assumed that the values would remain reasonably un- 
changed in a medium of ionic strength 0.5. 


From the phenylbutazone dissolution data measured in PHbulk 6.50 
using varying rotation speeds and Eq. 20, it was possible to gain some 
insight into the approximate values of kobs within the diffusion layer 
during dissolution. Since the nondeuterated phenylbutazone dissolved 
in a classical manner in reactive media, the model used for instantaneous 
reaction (1) may be applied to phenylbutazone to estimate [H+] and 
[OH-] across the diffusion layer for any given bulk solution condi- 
tions. 


Accordingly, pHbulk 6.50 at 600 rpm was chosen and the values of 
[OH-], [H+], and pH in the diffusion layer was calculated using the in- 
stantaneous reaction model (1). From these values, it was possible to use 
a simplified version of Eq. 20 to calculate the correspooding values for 
kobs a t  each point in the diffusion layer. The simplified form of Eq. 20 
is given by: 


which assumes from Eq. 20 that ka[OH-] and kq are negligible relative 
to the other terms in the equation. Table VI shows the variation of koba 
across the film if the equilibrium values of [OH-]x and [H+]x actually 
exist a t  a given position X in the diffusion layer. Under these same con- 
ditions, t D  is 0.27 sec at 600 rpm. 


The t ,  values across the film do not differ by much and they approach 
the limiting value t, = l / k o b  N 0.1 sec. This value is displayed in the plot 
given in Fig. 4; assuming that the deviation from Levich-Nernst behavior 
seen at pHbulk 6.50 in Fig. 2 is not significant, to only approaches the 
limiting t, value when very rapid revolution speeds are used. Therefore, 
any effects that may be due to noninstantaneus ionization of phenylbu- 
tazone in the diffusion layer would only be significant when tD approaches 
the value oft,. Note that the limiting pH at  X = 0 was -5. A t  this pH, 
the dissociation of phenylbutazone favors formation of its enolate anion. 
If t ,  for establishing this equilibrium was longer or about the same as tD 
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2.5 h Table VII-Simulated (&heor) and Observed ( J o b )  Initial 
Dissolution Rates for Phenylbutazone and d-Phenylbutazone a t  
Various pHhulk Values a n 


2.0’ n 
0.5 I- l a  
; 


0.0 I 
0.5 1 .o 1.5 0.0 


DIFFUSION LAYER THICKNESS, cm X lo’ 
Figure 8-Concentration profiles across an aqueous diffusion layer for 
phenylbutazcrne (- -) and d-phenylbutazone (-.-) at  pHbulk 10. 


in the diffusion layer, then deviation from classical behavior should have 
been observed under the described conditions. 


To support these statements, the behavior of d-phenylbutazone under 
identical conditions was studied. Deuterated phenylbutazone should 
show a slower rate of approach to equilibrium in its ionization due to a 
primary isoto,pe effect; i.e., k l  and k3 for the initial dissociation of d- 
phenylbutazone will have a greater initial t, value than phenylbutazone 
under the same conditions. Therefore, the rotation speed at which tD 
becomes numerically similar to the limiting t, value was expected to be 
lower for d-phenylbutazone than for phenylbutazone, assuming again 
that the Levich-Nernst model applied and there were no differences in 
DHA and [HA10 between the two compounds. 


The limiting t, value of d-phenylbutazone may be approximated by 
assuming a value for the primary isotope effect for the deprotonation of 
phenylbutazone. If a primary isotope effect of five was assumed (22) in 
k l  (ignoring k3) ,  a limiting t, value of 4 . 5  sec was calculated. This value 
was also displayed in Fig. 4 and indicated how t D  approaches the limiting 
value oft, at much slower disk rotation speeds than in the case of phe- 
nylbutazone. Hence, any noninstantaneous reaction with base in the 
diffusion layer will affect the dissolution rates of d-phenylbutazone more 
than those of phenylbutazone under the same conditions. This finding 
was confirmed in Fig. 2 where the dissolution rates of d-phenylbutazone 
at  PHbulk 6.50 were significantly slower than those of phenylbutazone 
under identical conditions. 


The qualitative arguments expressed here were useful in interpreting 
the differences in dissolution rates between phenylbutazone and d- 
phenylbutazone. Figures 5-8, obtained by integrating numerically Eqs. 
1-4, show the concentration gradients existing across the diffusion layer 
during dissolution of phenylbutazone and its deutero analog for pH 5, 
7,9,  and 10. It was assumed in these simulations that d-phenylbutazone 
was dedeuterated by hydroxide ion and water five times slower than 
deprotonation of phenylbutazone. Calculated fluxes and pH at the in- 
terface are shown in Table VII. 


The simulations appear to represent the flux data adequately. The 
observed dissolution rates for d-phenylbutazone were higher (pH 7 and 
9) than the predicted theoretical values because deuterium was only 
abstracted once in practice but the model assumed that the rate of dis- 
sociation was that for deuterium for all abstractions. It can be seen from 
the figures that a t  pH 5 and 7, the concentration gradient between phe- 


Phenylbutazone d-Phenylbutazone 
PHbulk PHS.‘cb Jtheor J o b  Jtheor Jobs 


5 4.77 19.95 19.95 11.24 11.25 
7 4.95 27.18 27.18 16.23 20.27 
9 5.17 38.34 38.39 27.59 32.95 


10 5.85 189.54 187.01 187.01 169.97 


All values of J are in units of moles crn-z/sec. Calculated from the simula- 
tions. 


nylbutazone and its deutero analog was more marked than when these 
two compounds dissolved under more basic conditions. A t  pH 9, the 
gradient difference was smaller; at pH 10, it was negligible. These results 
were consistent with the earlier argument that as the PHbulk is raised, the 
diffusion layer reaction time becomes faster and both phenylbutazone 
and d-phenylbutazone approach classical behavior (t,  < to). Thus, under 
neutral to slightly acidic conditions, deuterated phenylbutazone deviates 
from classical behavior. However, when basic conditions prevail, the 
dissolution of that compound was faster since the high concentration of 
hydroxide ion increased the rate of d -phenylbutazone ionization. 


In view of the dissolution behavior of phenylbutazone under various 
conditions, it is unlikely that noninstantaneous ionization kinetics, 
demonstrated so clearly for this compound (3), play a major role in de- 
termining the dissolution rate, either in uitro or in uiuo. This is due to 
the fact that the average diffusion layer residency time for a typical 
aqueous diffusion layer is longer than the average reaction time for the 
ionization of this carbon acid. 
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Ibuprofen in Plasma 
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Abstract  A sensitive, simple, and rapid method for the quantitation 
of ibuprofen in plasma, using l-(p-fluorobenzoyl)-5-methoxy-2- 
methylindole acetic acid as the internal standard, was developed. The 
method is based on reversed-phase high-pressure liquid chromatography 
with a mobile phase containing acetonitrile-0.1 M acetic acid (55:45 v/v). 
The chromatographic elution time was 8.5 min, and ibuprofen quantities 
as low as 0.1 pg/ml can be assayed. The suitability of the method is 
demonstrated. 


Keyphrases 0 Ibuprofen-analysis, high-pressure liquid chromatog- 
raphy, plasma 0 Anti-inflammatory agents-ibuprofen, high-pressure 
liquid chromatographic analysis, plasma High-pressure liquid chro- 
matography-analysis, ibuprofen in plasma 


Ibuprofen is a nonsteroidal anti-inflammatory, anti- 
pyretic, and analgesic drug (1,2) indicated for the relief of 
signs and symptoms of rheumatoid arthritis, osteoarthritis, 
and mild to moderate pain. 


Relatively few methods are available for the measure- 
ment of blood ibuprofen levels. A paper chromatographic 
method involving separation and subsequent reaction with 
bromcresol purple was reported (3) but requires -48 hr 
for completion. GLC methods, requiring extraction of the 
drug from plasma and tedious and time-consuming de- 
rivatization steps, were also reported (4,5). 


Recently, the use of paired-ion, reversed-phase, high- 
pressure liquid chromatography (HPLC) for quantitative 
drug analysis was demonstrated (6,7). This paper reports 
a simple, rapid, and highly sensitive HPLC method for 
ibuprofen determination in plasma. 


EXPERIMENTAL 


Chemicals and Reagents-Ibuprofen* and l-(p-fluorobenzoyl)-5- 
methoxy-2-methylindole acetic acid2 were the reference and internal 
standards, respectively. Chromatographic grade acetonitrile3 and acetic 
acid4 were used for the mobile phase preparation. All other reagents were 
analytical grade or better and were used as received. 


Animals-Adult, male New Zealand rabbits, 2-3 kg, were studied. 
Mobile Phase-Acetonitrile-0.1 M acetic acid (55:45 viv) was 


used. 
Internal Standard Solution-Ten milligrams of the internal stan- 


dard, accurately weighed, was dissolved in a 10-ml volumetric flask and 
diluted to volume with methanol; this solution (1 ml) was diluted to 20 
ml with methanol and used as the internal standard. 


Standard Solution-Accurately weighed ibuprofen (100 mg) was 
dissolved in, and diluted to volume with, methanol in a 100-ml volumetric 
flask. 


Plasma Level Study-To demonstrate the applicability of the pro- 
cedure to the determination of plasma ibuprofen levels from a bioavail- 


~ 


1 The Upjohn Co, Kalamazoo, Mich. 
2 Merck Sharp & Dohme, West Point, Pa. 
3 Waters Associates, Milford, Mass. 
J. T. Baker Chemical Co., West Rochester, N.Y. 


Table I-Recovery of IbuDrofen from SDiked Plasma a 


Amount Added, Ibuprofen 
p d m l  Found, % SD, % 


50 
25 
10 
5 
2 
1 
0.9 
0.5 
0.2 


100.4 0.21 
99.2 0.38 
98 0.98 
96 1.98 


105 2.50 
104 0.80 
95.5 0.90 
96 0.80 


110 0.80 


Each value is the average of five determinations. 


ability study, suppositories containing 150 mg of ibuprofen were ad- 
ministered rectally to three rabbits. Blood samples (-3 ml) were removed 
by cardiac puncture a t  0,0.25,0.5,0.75, 1,1.5,2,3,4,5,  and 24 hr. The 
samples were placed into microcentrifuge tubes and centrifuged to obtain 
the plasma fraction. Plasma aliquots (0.5 ml) were processed along with 
spiked plasma standards. 


For standard curves, blood samples were removed from the heart of 
nonmedicated rabbits, placed in centrifuge tubes, and centrifuged to 
obtain the plasma fraction. Plasma aliquots (0.5 ml) were pipetted into 
microtest tubes and spiked with ibuprofen to yield a final drug concen- 
tration of 0.1-50 pg/ml of plasma. To each microtest tube was added 0.1 
ml of the internal standard. The mixture was mixed, diluted to 2.0 ml with 
methanol, and filtered through an organic filter5. 


HPLC-Samples were chromatographed on a high-pressure liquid 
chromatograph6 equipped with a universal liquid chromatographic in- 


I) C D 


0 3 6 9 0 3 6 9 0 3 6 9 0 3 6 9  
bl I NU TES 


Figure 1-High-pressure liquid chromatograms of blank plasma (A), 
blank plasma spiked with ibuprofen (B), blank plasma spiked with 
ibuprofen and the internal standard (C), and plasma obtained 60 min 
after ibuprofen administration and spiked with the internal standard 
(0). 


Waters Associates, Milford, Mass. 
Model 440, Waters Associates, Milford, Mass. 
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unknown concentrations of ibuprofen in plasma samples were read di- 
rectly from the graph. 


RESULTS AND DISCUSSION 


Typical chromatograms of blank rabbit plasma (A), blank rabbit 
plasma spiked with ibuprofen (B), blank rabbit plasma spiked with 
ibuprofen and internal standard (C), and plasma collected 60 min after 
administration of 150 mg of ibuprofen in a suppository or oral preparation 
and spiked with the internal standard (D) are shown in Fig. 1. Ibuprofen 
and the internal standard were well resolved and eluted with retention 
times of 8.5 and 5.5 min, respectively. No interference from metabolites 
was detected under these experimental conditions. 


Table I illustrates recoveries of ibuprofen from plasma spiked with 
0.1-50 pg/ml. The standard curve is the average of five determinations; 
the regression line slope was calculated to be 0.128 with a standard cor- 
relation matrix of 0.999, indicating excellent linearity. 


The plasma ibuprofen time courses for four rabbits in a bioavailability 
study are shown in Fig. 2. The AUC values for the four formulations were 
89.77,74.38,96.5, and 128.94 pg/ml/hr for 150 mg of ibuprofen in poly- 
ethylene glycol 1540, theobroma oil, esterified fatty acids ( C l v C l ~ ) ~ ,  and 
an oral suspension, respectively. 


1 2 3 4 5 6 7 8  
HOURS 


Figure 2-Serum ibuprofen levels after administration of a 150-mg dose 
of a suppository of three different bases and one oral preparation. Key: 
0, theobroma oil; 0, polyethylene glycol 1540; @ , f a t t y  acids; and ., 
suspension. 


jector5, a UV (254 nm) absorbance detector, and a strip-chart recorder. 
The deproteinated plasma samples were chromatographed at  room 
temperature on a microparticulate (pBondapak CIS) reversed-phase 
HPLC column (4 mm X 30 cm) with an eluting mobile phase of acetoni- 
trile-0.1 M acetic acid (55:45 v/v). The flow rate was adjusted to 1 
ml/min with an inlet pressure of -1500 psi. The chart speed was 0.2 
cm/min. The ratio of the peak height of ibuprofen to that of the internal 
standard was used to calculate the ibuprofen concentration, based on a 
calibration curve prepared from spiked plasma samples. 


Calculations-Peak height ratios were obtained by dividing the peak 
height of ibuprofen by the peak height of the internal standard. Cali- 
bration curves from known ibuprofen concentrations in plasma were 
prepared by plotting the peak height ratios versus the ibuprofen con- 
centration, expressed as micrograms per milliliter of plasma. Values of 
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Abstract 0 Prostaglandins El (alprostadil), E2 (dinoprostone), Fl,, and 
F2, (dinoprost) were characterized in terms of binding to human serum, 
albumin, y-globulin 11, P-globulin 111, a-globulin IV-1, and a-globulin 
IV-4. By using equilibrium dialysis and tritium-labeled ligands, the 
percent binding for all four ligands was found to decrease in the following 
order: human serum, albumin, and a-globulin IV-4. For the other three 
proteins, the order was not consistent with the four ligands, and <lo% 
binding was observed. In general, prostaglandins El and E2 showed a 
higher percent binding for all fractions than prostaglandins F1, and Fza 
All four ligands can be characterized as showing significant binding to 
human serum, albumin, and a-globulin IV-4. 


Keyphrases Prostaglandins-binding to human serum proteins, 
equilibrium dialysis of radiolabeled prostaglandins 0 Protein bind- 
ing-prostaglandins El (alprostadil), E2 (dinoprostone), Fl,, and Fza 
(dinoprost) to human serum proteins, equilibrium dialysis of radiolabeled 
prostaglandins Binding, protein-binding of prostaglandins El (al- 
prostadil), Ez (dinoprostone), Fl,, and Fza (dinoprost) to human serum 
proteins, equilibrium dialysis of radiolabeled prostaglandins 0 Equi- 
librium dialysis-of radiolabeled prostaglandins El (alprostadil), Ez 
(dinoprostone), FI,, and Faa (dinoprost) bound to human serum pro- 
teins 


Since the discovery and description of the prostaglan- 
dins, a vast literature has evolved concerning their physi- 
ological and pharmacological actions (1). As circulating 
hormones, these compounds have different rates of dis- 


appearance from the circulation after injection. Presum- 
ably, the differences reflect differences in metabolic deg- 
radation rates (2, 3). The availability of a compound for 
metabolic degradation could be related to whether or not 
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Figure 4-Comparatiue permeability of aspirin (curue 3) ,  methyl- 
thiomethyl2-acetoxybenzoate ( I I I )  (curue I ) ,  and methylsulfinylmethyl 
2-acetorybenzoate ( I V )  (curue 2) through hairless mice skin. 


while the major part, -70% of the dose penetrating the skin, is hydrolyzed 
in the skin to salicylic acid during absorption (Fig. 1). 


The hydrolysis half-life of the methylthiomethyl derivative (111) to 
aspirin was -10 min and that of VI to salicylic acid, at  30’ and pH 5.4, 
was -9 min. If any significant amounts of aspirin are formed during 
passage through the skin or if I11 penetrates the skin without being me- 
tabolized, aspirin would be detected in the receptor phase. On the other 
hand, only salicylic acid was found when I11 was applied to the skin, which 
means that I11 is metabolized in the skin to VI or salicylic acid or both 
(Fig. 2). 


The hydrolysis half-life of the methylsulfinylmethyl derivative (IV) 
to aspirin was -10 days and that of VII to salicylic acid, at  30’ and pH 
5.4, was -6 days. Thus, very little hydrolysis should occur in the receptor 
phase and almost all metabolites of IV detected in the receptor phase 
must be formed in the enzymatic cleavage in the skin. No aspirin was 
detected in the receptor phase after application of IV to  the skin; only 
large amounts of VII and salicylic acid were found (Fig. 3). These results 
indicate that -57% of IV penetrating the skin is metabolized to VII and 
that -43% of IV is metabolized to salicylic acid. 


The comparative cumulative penetration profiles for aspirin, 111, and 


IV are shown in Fig. 4. The methylthiomethyl derivative (111) of aspirin 
is absorbed at  a rate about two times faster than that of aspirin, while the 
methylsulfinylmethyl derivative (IV) is absorbed a t  the same rate as 
aspirin within experimental error. 


It is clear that significant metabolism of all salicylic acid derivatives, 
including aspirin and its prodrugs, occur in the fresh mouse skin. The 
various ester functions hydrolyze with different rates and in a different 
order than what was shown to be their chemical hydrolysis or enzymatic 
cleavage in plasma or after the intravenous in uiuo administration. The 
amounts penetrating the skin, however, are significant. I t  is possible to 
achieve therapeutic levels either as keratolytic or anti-inflammatory or 
analgesic agents. Further in uiuo studies should be performed to answer 
these questions. 
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Abstract 0 X-ray diffraction and IR and 27A1-NMR spectroscopy in- 
dicate that aluminum chlorohydrate is composed of a central aluminum 
in a tetrahedral configuration surrounded by 12 aluminum atoms in oc- 
tahedral configuration. The complex, A~I~O~(OH)~~(H~O): ; ,  is essentially 
spherical, with the t 7  charge equally distributed on the surface. Seven 
chloride ions are associated with the complex as counterions. This 
structure is consistent with both the method of synthesis and the pro- 
posed mechanisms of antiperspirant activity. 


Keyphrases 0 Aluminum chlorohydrate-structure proposed by X-ray 
diffraction and IR and 27A1-NMR spectroscopy X-ray diffraction- 
aluminum chlorohydrate, structure proposed 0 Spectroscopy, IR- 
aluminum chlorohydrate, structure proposed 0 27A1-NMR spectros- 
copy-aluminum chlorohydrate, structure proposed Antiperspirant 
activity-aluminum chlorohydrate, structure proposed based on X-ray 
diffraction and IR and 27A1-NMR spectroscopic studies 


Aluminum chlorohydrate, a basic aluminum complex, 
is widely used for its antiperspirant activity, for sealing 
porous strata in oil drilling operations, and to control the 
viscosity of kaolinite clays. It is known as aluminum 


chlorohydrate, aluminum hydroxychloride, basic alumi- 
num chloride, or chlorhydrol. The empirical formula, 
A12(OH)sCb2H20, is known (l), but the structure has not 
been characterized. The chemistry of partially hydrolyzed 
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aluminum solutions has been studied extensively, and 
various aluminum species have been proposed. At high 
degrees of hydrolysis, which is suggested by the hydroxyl 
to aluminum ratio of 2.5 in the empirical formula, the 
proposed aluminum species include: A ~ ~ ( O H ) I ~ ( H ~ O ) ~ ~  
(21, Ala(OH)% (3, 4), A11304(0H)24(H&)Z (5-10), 
A114(0H)% (11, 121, Alio(OH)22(H20)% to 
A154(0H) I 44(H20) !F ( 13), &(OH) dH20) i f s  ( 14), 
A16(OH)1501+ (14), and A120-Al200 (15). 


I I I I 1 


This study investigated the sttucture of aluminum 28 22 16 10 4 
chlorohydrate using X-ray diffraction and IR and 27Al- 
NMR spectroscopy. 


DEGREES, 29 


Figure 1-X-ray diffractogram of aluminum chlorohydrate. 


EXPERIMENTAL 


X-Ray Diffraction-Commercial aluminum chlorohydrate' solutions 
[50% (w/w)] were air dried, and a powder was prepared by trituration in 
an agate mortar and pestle. Randomly oriented powder samples were 
prepared in McCreery mounts. Diffractograms were recorded2 from 4 
to 60' 20 under the following conditions: CuK, radiation, 30 kv, 28 mamp, 
1000 cps, and 2'/min. 


The molecular dimension of aluminum chlorohydrate was determined 
by examining the increase in the interlayer spacing of montmorillonite 
as a result of intercalation of aluminum chlorohydrate. Approximately 
50 ml of a 0.69% suspension of sodium-saturated montmorillonite was 
centrifuged at  5000 rpm for 5 min. The supernate was discarded, and the 
clay was resuspended in 50 ml of a 25% (w/w) aluminum chlorohydrate 
solution. The suspension was centrifuged as described, and the clay was 
resuspended in a second portion of aluminum chlorohydrate solution. 


The process was repeated a total of four times to ensure complete 
saturation of the clay by aluminum chlorohydrate. The aluminum chlo- 
rohydrate-saturated montmorillonite was washed four times with dou- 
ble-distilled water by following the described procedure and then was 
air dried and stored in a vacuum desiccator. X-ray diffractograms were 
recorded while using special precautions to avoid the adsorption of water 
by the clay (16). 


I R  Spectroscopy-Air-dried aluminum chlorohydrate was incorpo- 
rated into potassium bromide pellets, and the IR spectrum was re- 
corded3. 


NMR Spectroscopy-Aluminum chlorohydrate solutions were di- 
luted with deuterium oxide to produce solutions that were 1 M in alu- 
minum. The 27A1-NMR spectrum was obtained at  20.723 MHz and 18.7 
kg4. Potassium aluminum sulfate (0.1 M) in acidified deuterium oxide 
a t  pH 1 was the reference. The chemical shift of tetrahedral aluminum 
in aluminate, Al(OH)I, was determined from a solution of aluminum 
chloride titrated with sodium deuteroxide to the soluble region above pH 
10. 


RESULTS AND DISCUSSION 


An X-ray diffractogram of aluminum chlorohydrate characteristic of 
all of the commercial samples is shown in Fig. 1. A broad peak occurred 
in the range of 4-10' 28, indicating a d-spacing of 11.8 A. The X-ray 
diffractogram indicated a poorly ordered material. The line broadening 
at 11.8 A suggested a crystallite dimension that is normal to the reflecting 
planes hkl of -50 A. No well-crystallized forms of aluminum hydroxide 
such as gibbsite or bayerite were seen. 


To estimate the size of the aluminum chlorohydrate complex, mont- 
morillonite was used as a molecular caliper (17, 18). The X-ray diffrac- 
tograms indicated that the interlayer spacing of montmorillonite in- 
creased by 8.9 a as a result of aluminum chlorohydrate intercalation. 
Thus, the minimum dimension of aluminum chlorohydrate is believed 
to be 8.9 A. 


The proposed structures of highly hydrolyzed aluminum species were 


Lot 8473, Wicken Products, Huguenot, N.Y.; Chlorhydrol, lots 6178 and 5880, 
Reheis Chemical Co., Berkeley Heights, N.J.; Astringen, lot 4445, Robinson Wagner, 
Mamaroneck, N.Y.; lot 6138, Delmar, Elk Grove Village, N.Y.; and lot 735, Summit 
Research Laboratories, Somerset, N.J. All commercial samples gave similar X-ray 
diffractograms and IR and Z7Al-NMR spectra. All data in this report were obtained 
using lot 8473,.Wicken Products, Huguenot, N.Y. 


2 Siemens AG Kristalloflex 4 generator, type F diffractometer, Karlsruhe, West 
German . 


4 FT-80, Varian Associates, Palo Alto, Calif. 
Mod1 180, Perkin-Elmer Corp., Norwalk, Conn. 


examined to determine if any species has a dimension of -8.9 A. The 
A11304(OH)24(H20):: complex is essentially spherical and is closest in 
size, 9 A (6), to the experimentally determined size of aluminum chlor- 
ohydrate. 


The empirical formula for aluminum chlorohydrate, A12(OH)&L2HzO 
(l), gives an aluminum to chloride ratio of 21, an aluminum to water ratio 
of 1:1, and an hydroxyl to aluminum ratio of 2.51 and compares well to 
the formula for the A11304(OH)z4(H20):; complex if seven chloride an- 
ions are assumed to  be present to neutralize the charge of the complex. 
The aluminum to chloride ratio of the proposed complex is 13:7 or -2:1, 
and its aluminum to water ratio is 13:12 or approximately equal to the 
1:l ratio of the empirical formula. Its hydroxyl to aluminum ratio is 2413. 
However, the four oxygen atoms in the proposed complex would appear 
as eight hydroxyl anions by the techniques commonly used to establish 
the stoichiometry of aluminum compounds (19). Therefore, the hydroxyl 
to aluminum ratio of the proposed complex would appear to be 32:13 or 
-2.5:1, as for the empirical formula. 


The excellent fit of the stoichiometry of the A11304(OH)24(H20):; 
complex to the empirical formula for commercial aluminum chlorohy- 
drate further supports the hypothesis that the A11304(OH)24(H20):: 
complex is the structure of aluminum chlorohydrate. The small differ- 
ences between the generally accepted empirical formula and the hy- 
pothesized structure may be due to the minor presence of other aluminum 
species in aluminum chlorohydrate and to the relatively nonspecific 
methods used for establishing the empirical formula. 


The structure of the A11304(OH)24(H20)~~ complex is shown in Fig. 
2. This structure is unusual since it contains a central aluminum atom 


Figure 2-Structure of the Al1304fOHj24(H20j :$ complex showing the 
tetrahedral aluminum surrounded by 12 aluminums in octahedral 
configuration. (Reproduced, with permission, from Ref. 8.) 
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in a tetrahedral environment surrounded by 12 aluminum atoms in oc- 
tahedral environments. Aluminum in a tetrahedral environment is 
characterized by aluminate, AI(OH);, which only exists a t  high pH 
conditions. Aluminum in octahedral configuration occurs at  neutral and 
acidic pH conditions and is the configuration of aluminum in aluminum 
hydroxide. Thus, aluminum chlorohydrate was examined by IR and 
27AI-NMR spectroscopy to determine if aluminum was present in both 
octahedral and tetrahedral environments. 


IR spectra have been published for aluminum chlorohydrate, alumi- 
num hydroxide chloride, aluminum hydroxide, and hydrolyzed alumina 
(20-24). Based on these reports, the 3700-3400-cm-' region should show 
hydroxyl-stretching vibrations for ionic or surface hydroxyl anions. The 
hydroxyl-stretching Vibrations of aluminum in octahedral configuration, 
AI(H20)p, should occur between 3100 and 2500 cm-'. The region of 
1200-800 cm-' should show absorption bands for the deformation of 
A1-0-H or Al-OH-A1. Absorption bands for the rocking of coordinated 
water and the vibrations of A106 octahedra should occur below 800 cm-I. 
IR absorption hands for aluminum in tetrahedral configuration were 
assigned as follows based on the IR spectrum of aluminate, AI(0H);: 
725 cm-', A104 antisymmetric stretching; 625 cm-', A104 symmetric 
stretching; and 325 cm-', A104 antisymmetric bending (25). The 800- 
cm-' hand in synthetic trioctahedral analogs of kaolinite was assigned 
as A1-0 tetrahedral vibrations (26). 


Figure 3 shows the hydroxyl-stretching region of the IR spectrum of 
aluminum chlorohydrate. Riesgraf and May (20) assigned the 3400-cm-' 
hand to the stretching of hydroxyl anions bound to aluminum. Bands 
between 3000 and 2500 cm-I were attributed to antisymmetric and 
symmetric stretching of water coordinated to aluminum. No changes were 
observed in this region of the IR spectrum during aging, as was observed 
for aluminum hydroxide (22,23). 


Figure 4 shows the IR spectrum of aluminum chlorohydrate for the 
1200-300-~m-~ region. The 1080-cm-' band was assigned as AI-0-H 
bending of bridge hydroxyl anions, and the 970-cm-' hand was assigned 
as A1-OH deformation bending of Al-OH and Al-OHZ (20). The bands 
a t  780 and 640 cm-I were observed previously but not assigned (20). 
Based on the assignments of aluminum in a tetrahedral environment (25, 
26), the bands a t  780,640, and 345 cm-' (Fig. 4) can be assigned as an 
A104 antisymmetric stretch frequency, an A104 symmetric stretch fre- 
quency, and an A1O4 antisymmetric bending frequency, respectively. 
Both the A104 antisymmetric stretching and A104 symmetric stretching 
bands occurred a t  higher frequencies than were observed in aluminate, 
AI(0H);. This finding indicates that  a slightly longer A1-0 bond is 
present in the tetrahedral aluminum of aluminum chlorohydrate in 
comparison to aluminate. Thus, the IR spectrum of aluminum chlor- 
ohydrate clearly shows the presence of aluminum in both octahedral and 
tetrahedral configurations and suggests that the tetrahedral aluminum 
interacts with the octahedral aluminum atoms. 


27A1-NMR spectroscopy has been used to investigate aluminum 
complexes in solution (9,25,27-36). The 27A1-NMR spectrum of alumi- 
num chlorohydrate at  pH 4.8 (Fig. 5) consisted of three distinct signals: 
a sharp peak at  63.5 ppm and two broad peaks at -1.7 and -0.4 ppm. The 
relative chemical shift differences were referenced to an external standard 
of AI(H20):' a t  pH 1. The peak a t  63.5 ppm is indicative of an A1-0 bond 


I I I I 
3500 3000 2500 


WAVE NUMBER, cm-' 


Figure 3-IR spectrum of aluminum chlorohydrate i n  t h e  4000- 
2000-cm-1 region. 
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Figure 4-IR spectrum of aluminum chlorohydrate i n  t h e  1200-200- 
cm-' region. 


in an A104 tetrahedral configuration (9). The peak width of <40 Hz ob- 
served for this complex a t  pH 4.8 suggests that the tetrahedral aluminum 
is not in equilibrium with the aqueous environment since no line broad- 
ening was observed. Consequently, the tetrahedral A104 group is thought 
to be bonded to other aluminum atoms. The broad resonances, i.e., 150 
and 400 Hz a t  -0.4 and 1.7 ppm, respectively, suggest the presence of 
aluminum atoms in octahedral environments, which are in rapid equi- 
librium with the aqueous solution. 


The evidence is strong that aluminum chlorohydrate has a structure 
consisting of a central aluminum atom in a tetrahedral environment 
surrounded by 12 aluminum atoms in octahedral environments. Usually, 
tetrahedral aluminum is found only at high pH (pH >lo),  but the pH of 
aluminum chlorohydrate solutions is -4.5. The question arises as to how 
this symmetrical complex forms with a tetrahedral aluminum in the 
center. The major synthetic procedure for preparing aluminum chlor- 
ohydrate involves the reaction of 5 moles of metallic aluminum with 1 
mole of aluminum chloride (37). The pH of the reaction begins near 3 and 
ends near 4.5. Since the pH never rises above 4.5, it would he difficult for 


80.5 


63.5 


120 80 40 0 -40 
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Figure 5-27A1-NMR spectrum of aluminum chlorohydrate (ACH) and 
sodium aluminate  (A10;). 
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a tetrahedral aluminum to form in solution. However, regions of high pH 
may occur during the reaction even though the bulk solution is at  a much 
lower pH. 


The main reactions that occur are the oxidation of metallic aluminum 
to aluminum ion (A13+) and the reduction of protons to produce hydrogen 
gas. These reactions occur only at  the surface of metallic aluminum. The 
protons arise from water dissociation. Since the protons are quickly 
converted to hydrogen gas, a high hydroxyl concentration may be present 
at  the aluminum surface, resulting in a pH gradient between the surface 
and the bulk. Therefore, aluminum can exist in a tetrahedral state in the 
system even though the apparent pH is 3-4.5. 


As a cluster of tetrahedral aluminum diffuse away from the metallic 
aluminum surface, the pH gradient causes the tetrahedral configuration 
to convert to the octahedral configuration. However, the tetrahedral 
aluminum in the middle of the cluster is protected from the aqueous pH, 
and the A11304(OH)24(H20):; complex forms with a tetrahedral alumi- 
num in the center and surrounded by 12 aluminum atoms in octahedral 
configuration. Seven chloride anions are associated with the complex as 
counterions to produce a neutral complex. 


The structure of A11304(OH)24(Hz0)12Cl~ is consistent with the current 
understanding of antiperspirant activity. Antiperspirant activity has been 
elicited primarily by the topical application of multivalent metals in ionic 
form (38). The exact mechanism of antiperspirant activity is controver- 
sial; several theories exist. However, most studies indicate that optimum 
activity is achieved when the metal is presented to the skin in ionic form. 
Regardless of whether the metal is acting directly as an antiperspirant 
and/or indirectly as a deodorant, a charged species is necessary. The 
A11304(OH)24(HzO):; complex is small and compact with the charge well 
distributed. Therefore, its effective charge to radius ratio is high, and it 
will act as a highly charged form of aluminum. In addition, the pH of 
aluminum chlorohydrate solutions is -4.5, which corresponds to the acid 
mantle of the skin. The hydroxyl groups present in the complex are re- 
sponsible for the higher pH in comparison to aluminum chloride solu- 
tions. Therefore, little skin irritation is observed, and minimal clothing 
damage due to acid hydrolysis occurs. 
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Abstract 0 The solubility profiles of theobromine, theophylline, and 
caffeine at 25" were examined in binary solvent systems including di- 
oxane-formamide, water-polyethylene glycol 400, and. glycerin-pro- 
pylene glycol. Theobromine solubility was studied in dioxane-water 
mixtures, a solvent system that was investigated earlier for the solubility 
of theophylline and caffeine. Solubilities were calculated in these polar 
systems by a regression method, based on an extension of the Hilde- 
brandscatchard equation of regular solution theory. A linear relation- 
ship between the mixed solvent solubility parameter, 61, and dielectric 
constant, c, was introduced earlier and was confirmed in the present 
study. In addition, it was observed that a regression of log(activity coef- 
ficient) on c in a second or higher degree polynomial provides reasonable 
solubility values for the methylxanthines in mixed solvents. A direct 
regreasion of molal or mole fraction (but not molar) solubility against 61, 
c, or against volume percent of one or the other solvent in a binary solvent 
mixture provided a suitable measure of solubility for these crystalline 
drugs in mixed polar solvents. The drug's solubility parameter as deter- 
mined from peak solubility in mixed polar solvents varied somewhat, 
depending on the specific solvent system employed. It is suggested that 
a drug may exhibit one (or more) solubility parameters in nonpolar so- 
lutions and multiple solubility parameters in polar systems. The extended 
solubility approach serves for the back-calculation of solubilities in mixed 
solvent systems, even though the solubility parameter of the solute may 
vary from one solvent system to the next. 


Keyphrases Methylxanthines-solubility profiles using extended 
HildebrandScatchard equation Solubility-methylxanthinw in mixed 
solvents, extended HildebrandScatchard equation Hildebrand- 
Scatchard equation-modified, solubility profiles of methylxanthines 
in mixed solvents 


Previous reports (1-3) introduced an approach to esti- 
mate the solubility of drugs in mixed and pure solvent 
systems. The method employs the equation: 


Ask T m  Vzd -log x2 = - log - + - (61 - 6*)2 R T 2.303RT 


+- "" 2(6162 - W )  (Eq. l a )  
2.303RT 


or: 


-log x2 = hSr, log + -!k& (6: + 6$ - 2W)  (Eq. l b )  
R T 2.303RT 


where X2 is the mole fraction solubility of the drug, ASf 
is the entropy of fusion, R is the molar gas constant, T,,, is 
the melting point of the compound in Kelvin degrees, T 
is the absolute temperature at which the solubility is 
measured, V2 is the molar volume of the drug as a hypo- 
thetical supercooled liquid solute at temperature T ,  41 is 
the volume fraction of the solvent, 61 and 62 are the solu- 


bility parameters of the solvent and solute, and W is the 
solute-solvent interaction energy. Subscript 1 is used for 
solvent and subscript 2 for solute. The W value is com- 
puted for the drug in each solvent mixture, using Eq. lb .  
It may, in turn, be back-calculated employing a power se- 
ries regression in 61 to estimate mole fraction or molal 
solubilities. By knowing the density of the solution at a 
particular temperature, it is also possible to convert these 
calculations to molar solubilities. The term V&/2.303RT 
is designated in this study by the symbol A. The present 
work tests the extended Hildebrand solubility approach 
(as this method is called) with various binary solvent 
mixtures. 


EXPERIMENTAL 


The sources and treatment of methylxanthines and some of the sol- 
vents used were given previously (2 ,3 ) l .  Additional solvents employed 
in the present study were propylene glycol2, polyethylene glycol 4002, and 
glycerin2. Pertinent physicochemical properties of the xanthine deriva- 
tives are recorded in Table I. The solubilities of the drugs were deter- 
mined in a shaker bath employing 20-ml screw-capped vials containing 
an excess of the drug at  25 f 0.2". Equilibrium occurred well before 96 
hr. Samples were withdrawn after 96 hr and filtered through a 0.22-pm 
filter, and aliquots were removed and diluted for spectrophotometric 
assay. Runs were carried out in quadruplicate, and the four results were 
averaged. Densities of the saturated solutions and of the solvent mixtures 
were determined in quadruplicate a t  25 f 0.2" in 10-ml pycnometers. 


RESULTS AND DISCUSSION 


Theobromine was dissolved in mixtures of dioxane and water a t  25". 
The solubility profile is shown in Fig. 1. Table I1 contains the data used 
to plot the back-calculation line of Fig. 1, including Weale and A values. 
Solution densities and dielectric constants are also recorded in Table 
11. 


Ideal Solubility in  Relation to Maximum Solubility in Real Sys- 
tems-The ideal mole fraction solubility of theobromine at  25" is 0.0029, 
a value well below the ideal solubilities of theophylline (0.0190) and 
caffeine (0.0685) at  25" (Table I and Fig. 1) because of the greater AH,, 
value and high melting point (348") of theobromine. The peak solubility 
of theobromine in the best dioxane-water mixture (-70% dioxane) is well 
below ideal solubility (Fig. l ) ,  as observed previously for caffeine and 
theophyliine. This phenomenon was noted by Gordon and Scott (4) and 
by others (5 ,6) .  Scatchard et al. (7)  observed that the value of C ~ Z  (an- 


Reference 2 states that mean molar volumes of the binary solvent mixtures are 
calculated from .17, in which each molecular weight wea multiplied by the mole 
fraction of that Bvent in the mixture. "him is an error; the quantity used in Refs. 
2 and 3 and in the present study is volume fraction rather than mole fraction. * Fisher Scientific. 
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Table I-Properties of Theophylline, Caffeine, and 
Theobromine 


ProDertv 


Heat of fusion” at  melting point, 


Melting pointb, OK 
Molecular wei htc, g/mole 


Solubility parametere, (cal /~m~)1’~ 
Ideal mole fraction solubility, Xi a t  


Solubility (molefliter) in: 


c a 1 / m o 1 e 


Molar volume 5 at 25O, ml/mole 


25O f 


Dioxane 
Water 


Theophyl- Theobro- 
line Caffeine mine 


7097 5044 9819 


547.65 512.15 621.15 
180.18 194.19 180.18 
124.0 144.0 124.0 
14.0 13.8 14.0 
0.01896 0.06845 0.00291 


0.03032 0.09656 0.00518 
0.04083 0.12438 0.00183 


N,%Dimethylformamide 0.20173 0.16433 0.00854 
Hexane 0.00083 O.ooOo3 0.00015 


UV absorption spectra, Amax# 270 273 273 
Molar absorDtivitvE. E 1%. 1 cm 530 519 550 


0 Determined by differential scanning calorimetry using Perkin-Elmer DSC 
model 1B. 6 Melti temperatures of the xenthines determined using Perkin-Elmer 
DSC model 1B. c 8olecular weights of the xanthines obtained from the manufac- 
turer’s specifications and correlated with results using maaa spectrometry. Molar 
volume of the xanthines (ml/mole) determined using an arithmetic mean of the 
apparent molar volume in dioxane-water mixtures, and solute molar volumes from 
group contribution methods (Ref. 18). Solute solubility parameters, (cal(cms!’fi 
calculated using a raphical solubility method (Ref. 22) and agroup contrlbutlon 
method (Ref. 18). flog Xi = (ASf,/R) log (T/’I’&. 8 Ref. 23. 


other symbol used for W )  was 5% greater than 6162 for benzene in meth- 
anol at 0.5 mole fraction and 8% greater than 6162 for carbon tetrachloride 
in methanol, signifying strong solute-solvent interaction in these mix- 
tures. The mole fraction solubility of theobromine in the optimum 
water-dioxane mixture is 0.00075 or 74% below ideal (Fig. 1) suggesting 
self-association of solvent, solute, or both. 


The differences, A, between ideal and actual interaction energies of 
the three methylxanthines in these optimum mixtures are given in Table 
111. The solute-solvent interaction energy, W, is included together with 
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Figure 1-Mole fraction solubility of theobromine in dioxane-water 
mixtures at 2 5 O .  Key: *, peak region of the regular solution curve; 
0, observed solubilities; and -, back-calculated solubility using Eq. 
2a of Table IV. 
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Figure 2-Relationship of W and 6162, for theophylline id dioxane (61 
= 10.0) and water ( 6 2  = 23.5) mixture at 25O. 


6162, the interactioh term that would be applicable if the systems behaved 
as regular solutions. The ratio, K ,  of W to 6162 at  peak solubility is found 
in the last column of Table 111. These data indicate that a difference of 
1.4% between the geometric mean 6162 and W results in a 74% decrease 
in expected solubility for theobromine in dioxane-water. 


Figure 2 shows the slightly curved line obtained when is plotted 
against 61. The geometric mean, ~3~62, is plotted on the same graph against 
bl to depict graphically the relatiimship of W to 8162 for theophylline 
across the mixtures of dioxane (61 = 10.0) to water (61 = 23.5). This small 
difference in interaction energy, (A = 8162 - W) of Eq. la ,  in xanthine- 
dioxane-water systems accounts for the fact that maximdm solubility 
of the real system does not reach Xi, the ideal value of peak solubility. 


The extended Hildebrand equation differs from the Hildebrand 
equation in the use of W to replace 6162, and Fig. 2 provides a graphical 
dembnstration of why the original Hildebrand approach cannot be used 
to estimate solubilities of drugs in polar solvent mixtures. In Fig. 2,6162 
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Figure 3-hfole fraction solubility of caffeine in dioxane-formamide 
mixtures at 25O. Key: 0, observed solubilities; and -, back-calculated 
solubility based on Eqs. 5a and 5b of Table V. 
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Table 11-Observed a and Calculated * Solubilities of Theobromine in Dioxane-Water Mixtures at 25". 


Volume Percent Solution Percent 
Water, loo$, Density A= 6 lf c 18 WCdC log a.JA XzOh X lo6 a X a  X 106 * Difference 


100 0.9976 0.09084 23.45 78.54 362.316 21.42037 33 33 -1.0 
90 1.0808 0.09082 22.11 69.28 333.734 17.43588 76 77 -1.5 
80 i.oi4ii 0.09077 20.76 62.63 306.457 13.76552 164 157 4.6 
70 1.0230 0.09072 19.42 52.02 280.888 11.21233 280 276 1.5 
60 1.0293 0.09067 18.07 43.13 256.645 9.21972 425 428 -0.7 
50 1.0350 0.09064 16.73 37.09 234.088 7.90106 560 582 -3.9 
40 1.0388 0.09062 15.39 27.46 2 13.03 1 7.01479 674 699 -3.8 
30 1.0381 0.09062 14.04 20.54 193.334 6.48362 753 746 1.0 
20 1.0370 0.09065 12.70 12.52 175.289 6.51980 747 707 5.4 
10 1.0336 0.09071 11.33 5.72 158.391 7.61277 594 595 -0.1 
0 1.0290 0.09077 10.01 2.13 143.594 9.00030 444 452 -1.9 


Data selected from solubilities determined at 25' using 18 solvent mixtures. b Calculated solubilities obtained by regressing W uersus 81 in a third-degree power series 
values are obtained by regressing W or log adA on & using Eq. 8a or 8b or by regreasing (cubic). The cubic equation is Eq. 3a of Table IV. Essentially the same X 


c1 (equations not shown). 82 = 14.0 (cal/cm3)1fi. d X', 3,002913,  - log Xi * 2.5357, AH!,, = 9819 cal/mole, AS!,, = 15.81 eu, and V = 124 ml/mole. 
f Solubility parameter obtained from Ref. 24 and by use of Q. 14 of Ref. 2. 8 Experimentally determined dielectric constants of solvent mixtures at 


is linear across the range of 61 values while the correct value, W, produces 
a curve that passes through the 6162 line. Only at  two points where the 
straight line intersects the curve may the Hildebrand 6162 values be used 
satisfactorily to predict the drug solubility. 


Predicting Solubility Using Regression Analysis-As with theo- 
phylline and caffeine, theobromine solubility may be depicted using the 
extended solubility approach, i e . ,  the regression of W or log a2IA on 61 
in a power series as reported earlier (1-3). The appropriate second degree 
(quadratic), third degree (cubic), and fourth degree (quartic) equations 
for theobromine in dioxane-water at 25' are given in Table IV. The solid 
line in Fig. 1, representing back-calculated solubilities of theobromine 
in dioxane-water mixtures, was obtained with Eq. 2a and demonstrates 
a good fit to experimental data. As observed in Eqs. 2a, 30, and 4a of 
Table IV, when regressing W versus 61, five or six places should be re- 
tained after the decimal point for satisfactory results. In the log a ~ l A  
versus 61 equations (Eqs. 2b, 36, and 4b), five or six places after the 
decimal points are also needed. The same remarks apply to Eqs. 5 and 
6 of Table V. In Eqs. 8a and 86, three places after the decimal point are 
adequate. 


The question of when it is appropriate to use a quadratic versus a cubic 
or quartic equation is not easily answered without an analysis of variance. 
Statistical analysis of the solubility data will be presented in a separate 
report. Use of the extended solubility approach has shown that the data 
of some solubility studies (e.g., theobromine in dioxane-water, Table I1 
and Fig. 1) are satisfactorily reproduced with a quadratic equation. The 
solubility of caffeine in dioxane-water was better reproduced using a 
cubic equation and, for added refinement, a quartic equation (3). A 
fifth-degree equation was not necessary in any case studied thus far. 


Methylxanthines in Other Solvent Systems-To examine the ex- 
tended solubility approach in mixed solvents other than dioxane-water, 
solubilities of the three methylxanthines were measured at  25' in diox- 
ane-formamide (Fig. 3), glycerin-propylene glycol (Fig. 4), and poly- 
ethylene glycol 400-water mixtures (Fig. 5). The quadratic regression 
equations of W versus 61 and log a2IA versus 61 used to obtain the 
back-calculated curves of Figs. 3 and 4 are found in Table V (Eqs. 5 and 
6). * 


The original Hildebrand equation (4,8) predicts that the solubility of 
a compounbd, thesolubility parameter of which lies between the 6 values 
of the two solvents of a binary mixture, will exhibit a peak where the 
solubility parameter of the mixed solvent, 61, equals that of the solute, 


62. When 62 of the solute is found on one side or the other of the solubility 
parameters of pure liquids that are combined to form the solvents, no 
peak is expected. For eftample, maximum solubility of theophylline is 
not found in the mixture of propylene glycol (61 = 15.0) and glycerin (dl 
= 17.7) since the solubility parameter of theophylline (62 = 14.0) does 
not fall between the 6 values of these two solvents. However, this fact does 
not prevent the use of the extended Hildebrand solubility approach to 
calculate solubilities in solvent combinations such as glycerin and pro- 
pylene glycol (Fig. 4). 


Solvation-The solubilities of the three xanthines reach maxima 
below the ideal solubilities in dioxane-water mixtures. This failure to 
attain ideal solubility was attributed to solvent clustering (4), but a sat- 
isfactory explanation on a molecular basis has not been provided. 


Solubility in excess of the ideal value is generally accepted as a mani- 
festation of complexation between the solute and solvent and is com- 
monly called solvation. Theophylline in the binary solvent of polyethylene 
glycol 400-water provides an example of solvation. Here the solubility 
rises to a maximum value of X z  = 0.0309 (Fig. 5). In contrast to W values 
for the xanthines in dioxane-water mixtures (Table III), W for theo- 
phylline in polyethylene glycol &water is greater than 6162 at maximum 
solubility. The K value, which is equal to WI6162, is 1.0074 in this 
case. 


The percent difference between maximum actual and ideal mole 
fraction solubility for theophylline in polyethylene glycol 400-water is 
63%, whereas the difference, A = 61dZ - W, is only 0.7%. Comparison of 
these results with the values in Table 111 again demonstrates that a very 
small difference between 6162 and W may result in a large difference 
between ideal and actual solubilities. 


Thus, for real systems, drug solubility maxima in mixed solvents may 
be greater than, equal to, or less than ideal solubility, and K = WIbi62 
may have values greater than, equal to, or less than unity. When K = 1.0, 
a solution cannot necessarily be referred to as regular. In polar systems, 
the condition W = 6162 may arise more or less by chance as observed in 
Fig. 2, where the 6162 lines crosses W at  two points owing, perhaps, to a 
balancing of opposing intermolecular forces; thus, the conditions set forth 
by Hildebrand (8) for a regular solution would not obtain. 


For solubilities greater than ideal, the sigli of the logarithmic activity 
coefficients becomes negative (a2 < l ) ,  and the computer program used 
to obtain W d c  must take this fact into account. The W calculated by 
regression always yields a positive log a p ,  and the computer is pro- 


Table 111-Cbmparison of Observed Peak and Ideal Solubility Values of Caffeine, Theophylline, and Theobromine in  Dioxane-Water 
Mixtures at 25' 


Ideal Solubility Observed Peak xh -.XZ 6162 W, Aa = 6162 - W 
Compound 63, (cal/cm3)1f2 Xi Solubility X Z  Xi (callcm3) (cal/cm3) (Percent Difference) Ka = W16iQz 


Caffeine . 13.8 0.0685 0.0282 59% 193.200 191.715 1.485 0.9923 
(0.8%) 


Theophylline 14.0 0.0190 0.0144 24% 204.400 203.590 0.810 0.9960 
(0.4%) 


Theobromine 14.0 0.0029 0.00075 74% 196.000 193.319 2.681 0.9863 
(1.4%) 


0 The uantity K was first suggested by E. Walker, J. Appl. Chem., 2,470 (1952). The large differences between Xz and X', resulting from very small differences A 
between% and 8162 were pointed out by Walker for polymer solutions. 
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Figure &-Mole fraction solubility of theophylline in glycerin-pro- 
pylene glycol mixtures at 2 5 O .  Key: 0, observed solubilities; and -, 
back-calculated solubility based on Eqs. 6a and 6b of Table V. 
grammed to reverse this sign when the calculated solubility X2 is greater 
than X i .  


Solubility Parameters and Dielectric Constant-Other investi- 
gators (9-12) studied the solubility of methylxanthines and other classes 
of drugs as a function of the dielectric constants, el, of,pure and mixed 
solvents. Employing 25 solvents of known 61 and €1 values, Paruta et al. 
(13) obtained: 


61 = 7.5 + 0.22e1 (Eq. 9) 


to relate solvent solubility parameters to the solvent dielectric constant. 
The work leading to Eq. 9 (13) was repeated in the present study, re- 
gressing 61 values of 35 liquids from various classes against dielectric 
constants obtained from a standard reference source (14), and the fol- 
lowing was obtained 


61 = 8.3 + 0.19~1 (Eq. 10) 


In the particular series used in the current solubility analysis, 61 values 
were regressed for each class of solvent against e l  values. The resulting 
expression, Eqs. 11-13, with appropriate coefficients are found in Table 
VI. These linear expressions allow the conversion from 61 to €1 and vice 
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Figure 5-hfole fraction solubility of theophylline in polyethylene 
glycol 400-water mixtures at 25O. Key: 0, observed solubilities; -, 
back-calculated solubility obtained by regressing W against solvent 
dielectric constant values based on Eqs. 7a and 7b of Table V; and - - -, 
Hildebrand regular solution curve, which reaches a peak at Xi at a 
solubility parameter of 14. 


versa in mixed solvent systems when studying solubility profiles ex- 
pressed in terms of either solubility parameters or dielectric constants. 
While Eqs. 9 and 10 do not provide exact correspondence between 61 and 
€1 in specific solvent systems as do Eqs. 11-13, they do afford simple re- 
lationships for quick conversion between 61 and el. 


Since 61 and €1 are linearly related, it should be possible to regress log 
azlA or W in a power series against el;  W and log a2/A are regressed 
versus €1 for theophylline in polyethylene glycol 4Wwater mixtures (Eqs. 
7, Table V). The back-calculated solubility curve, Eq. 7b, for theophylliie 
in this mixed solvent system is shown in Fig. 5. Figure 5 demonstrates 
that results showing mole fraction or molal solubility plotted against 
dielectric constant may be calculated using the extended solubility ap- 
proach. Eq. 7b gives better results than Eq. 7a. 


Volume Fraction and Molar Volume-However, neither 61 nor €1 


are necessary to predict solubility. An earlier report (3) demonstrated 
that W, 61, and 62 may be by-passed and that a drug's solubility in a bi- 
nary solvent may be back-calculated at  a particular temperature based 
only on the volume fraction or percent of one solvent in another. (Molar 


Table IV-Equations Obtained from Regression of Wand Log a l / A  in  Second-(Quadratic), Third-(Cubic), and Fourth-Degree 
(Quartic) Power Series on 81 for Theobromine in Dioxane-Water Mixtures at 25' 


W versus 61 Eauation Loe aplA versus 61 Eauation 


Quadratic 78.761046 + 2.29469361 + 0.417790~5~ 2a 38.477909 - 4.58938661 + 0.164419a2 2b 
Cubic 81.160844 + 1.82703761 + 0.4468606* - 0.00057963 3a 33.678312 - 3.654074a1 + 0.1062816* + 0.00115863 36 
Quartic 65.378019 + 5.94823761 + 0.05579862 + 0.01543266 4a 65.243960 - 11.89647361 + 0.88840581 - 0.0308653: 4b 


- 0.0002396: + 0.0004786: 


Table V-Caffeine, Theophylline, and Theobromine in  Solvent Mixtures at 25": Quadratic Equations Obtained from Regression of W 
and Log uz/A versus 8, e l ,  and &,. 


Mixture W versus 61 Equation Log aZ/A versus 61 Equation 


Caffeine in dioxaneformamide 82.90558 + 1.3651761 + 0.448826: 5a 24.62885 - 2.7303461 + 0.102366: 5b 
Theophylline in glycerin-propylene 16.539654 + 9.92449961 + 0.1827196: 6a 162.920693 - 19.84899861 + 0.63456261 66 


elvcol 


Mixture W versus €1 Equation Log az/A versus €1 Equation 


Theophylline in polyethylene glycol 129.56925 + 1.2979161 + 0.02046e: 7a 6.781325 - 0.347859~1 + 0.005543e1 7b 
4Wwater 


Mixture 
W versus & (Volume Fraction of Log azlA versus 4, (Volume Fraction 


Water in Mixed Solvent) Eauation in Mixed Solvent) Ea uation 


Theobromine in Dioxane-Water 143.453 + 143.7684, + 75.0884: 8a 9.164 - 18.0426, + 30.18462, 86 
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Table VI-Regression of 61 versus €1 for Solvent Mixtures at 25' 


Mixed Solvent System Regression Equation of 61 uersus ~ 2 6 0  for Mixed Solvents" Equation n 9 


Dioxane-water 61 = 10.332 (* 0.182) + 0.171 (i 0.016)~1 11 18 0.995 
Glycerin-propylene glycol 61 = 9.615 (& 0.544) + 0.185 (* 0.014)~l 12 11 0.986 
Polyethylene glycol 400-water 61 = 7.541 (& 0.156) + 0.196 (i 0.004)Ci 13 20 0.999 


Values in parentheses are fl SE. 


volume of the solvent mixture may also be regressed against log a2lA to 
reproduce experimental solubilities.) For theobromine in pure dioxane, 
pure water, and mixtures of this solvent pair, an equation relating log 
adA and &,, the volume fraction of water, is given as Eq. 8b in Table V. 
The log adA and volume percent of water required for this calculation 
are found in Table 11. With the value of A (Table 11) at  a solvent volume 
fraction, e.g., 0.40 or 40% water, log a- = 0.61427 is obtained. This term, 
together with -log Xh = 2.5357, yields -log Xz. Changing the sign and 
taking the antilog provide the predicted solubility, X p  = 7.08 X lo-' at  
25' for theobromine in water-dioxane mixtures having a 61 value fo 15.39 
and a dielectric constant of 27.46 (40% waterWo dioxane); X a  is equal 
to 6.74 X lo-'. If one wishes to obtain the drug's solubility a t  another 
temperature, both -log Xi and A will have new values. Densities of the 
solutions will also change with temperature. 


If only molal or weight percent solubility data are accessible, together 
with volume percent of the liquids in a binary solvent, ideal solubility and 
A values being lacking, quadratic equations can be obtained by regressing 
concentrations uersw 61, €1, or Qw to give fairly accurate back-calculations 
of solubility across the entire range of the solvent mixture. If the solubility 
is expressed in molarity, however, the method cannot be used directly. 
Instead, densities must be used to convert molarity to molality or mole 
fraction before regression uersw 61, €1, or the solvent volume fraction can 
be conducted. 


Multiple Solubility Parameters of a Solute-The peak solubility 
of caffeine in dioxane-formamide (Fig. 3) is found at  a solvent 61 value 
of 12, rather than the value of 13.8 observed for caffeine in dioxane-water 
systems. If the point of maximum solubility, where 61 e 62, is taken as 
a definition of 62 for the drug molecule, then two 6 values (12.0 and 13.8) 
must be accepted for caffeine. Other workers observed more than one 
solubility parameter for a solute. Hildebrand and Scott (15) found it 
necessary to adjust the 62 value of iodine from 13.1 to 14.9 to account for 
variations in solute characteristics in some nonpolar and polar solvents; 
the solubility parameter ordinarily reported for iodine is 14.1. On in- 
vestigating the solubility of sulfur in various solvents, Hildebrand and 
Scott (16) reported 62 values for sulfur from -11.5 to 14.5, although most 
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Figure 6-Caffeine in dioxane-water mixtures at 25'. Solubility pro- 
files were obtained from two studies (Ref. 2 is this work and Ref. 11 is 
literature results). The 62 ualue at peak solubility occurs at -61 = 15. 


of the values were in the 12-13 range. 
Baker (17) found that solvents partitioned between amorphous and 


crystalline regions of semicrystalline polymers in solution. Based on 
solubility and swelling studies, he distinguished three distinct solubility 
parameters for a polymer. For example, the solubility parameters for 
butyl rubber a t  25' were 7.15,8.46, and 9.51. For atactic polypropylene 
at  40°, the 6 2  values were 7.01, 8.07, and 9.38. Other reports (11, 12) 
showed that methylxanthines in various binary solvent systems exhibited 
peak solubilities a t  different solvent dielectric constants. Therefore, it 
is not surprising that the 6 2  of caffeine obtained from peak solubilities 
in binary solvents varies according to the solvent mixture employed. 


Although the studies reported here are preliminary, it appears from 
current work that drugs exhibit multiple solubility parameters (one or 
several for the solute in nonpolar and moderately polar solvents and 
multiple values in highly solvating and complexing solvents). Fortunately, 
multiple &values for a drug do not adversely affect the extended solu- 
bility approach. The appropriate 62 value is obtained from the method 
of Fedors (la), the maximum in the solubility profile for a dioxane-water 
system, or a regression method reported elsewhere (19,20). The solute 
solubility parameter, 62, so determined is then used with W and 61 of the 
solvent mixture to back-calculate solubilities. 


The physicochemical phenomenon on which multiple solute values 
are based is difficult to explain. Hoy (21) suggested that solutes may 
behave in a "chameleon-like" manner, adapting to the solvent environ- 
ment in which they are found. For example, carboxylic acids interact 
through hydrogen bonds with alcohols and water in these highly polar 
solvents, whereas such acids self-associate in nonpolar solvents. There- 
fore, the solubility parameters of these solutes would be expected to have 
different values in various pure and mixed solvents. 


The shape and position of the peak in a solubility profile are altered 
when solubility is plotted as molarity or milligrams per milliliter instead 
of mole fraction. The solubility profile for caffeine in dioxane-water 
mixtures, obtained in this work and from the literature (10 ,  is plotted 
against 61 and tl in Fig. 6. The solubility values from the two studies vary 
somewhat but produce essentially the same profiles. The 62 value from 
the peak solubility of a milligrams per milliliter uersus 61 plot, as seen 
here, would be -15, as contrasted to a value of 13.8 obtained from a plot 
of mole fraction solubility of caffeine in dioxane-water mixtures. 


C 0 N C L U S I 0  N S 


The extended solubility approach was shown to apply to three 
methylxanthines, theophylline, caffeine, and theobromine, in a number 
of binary solvent systems. It was suggested (1-3) that W, the solute- 
solvent interaction energy, may be regressed in a second, third, or fourth 
degree power series in terms of the pure or mixed solvent solubility pa- 
rameter, 61, to reproduce the experimental solubility curve. Direct re- 
gression of log adA on 61, together with a knowledge of A and the drug's 
ideal solubility at the temperature of the experiment, provides a method 
for accurately reproducing solubilities of drugs in binary solvent mixtures. 
In an earlier study (3), it was possible to regress log a2IA on &, where &i 
is the volume fraction of one of the two solvents in a binary solvent mix- 
ture. In the present report, the linear relationship between 61 and €1, first 
reported by Paruta et al. (13), was confirmed for various solvent systems. 
For the purpose of predicting solubility, it is possible to regress log aJA 
or W directly uersw €1 in a quadratic or higher power series, as shown 
here. These various approaches yield back-calculated mole fraction sol- 
ubility within experimental error. 


The apparent success of the extended Hildebrand solubility approach 
to date suggests that Eq. 1, an extension of the Hildebrand equation 
without the restriction of the geometric mean, provides a satisfactory 
empirical representation for the solubility of drugs in polar binary solvent 
systems. In this method, W is obtained from solubility data and then 
back-calculated by regressing W against 61, Qi, or €1. This technique may 
not appear to be fruitful in affording ab initio predictions of solubilities 
or providing fundamental information about solvent-solute interaction 
since solubility data are required for the method. However, the form of 
the empirical equation appears to be correct for handling relatively polar 
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as well as nonpolar systems. An effort is being made to obtain W without 
solubility data, with the possibility of finding a physicochemical basis 
for W and/or a group contribution method for estimating this solvent- 
solute interaction term. 


It is interesting to observe in Table 111 and in Figs. 1 and 5 that small 
(fractional to 1 or 2%) differences between 6162, the geometric mean, and 
W, the correct adhesive energy density, may cause large differences 
(25-75%) between ideal and real solubilities. It will challenge the inves- 
tigator to measure and calculate energies within 5-50 cal/mole required 
for an independent measure of W for accurate estimation of solubilities. 
The prediction of solubility using W from group contributions would 
represent a step toward a better understanding of the behavior of drug 
molecules in polar and nonpolar solvent systems. 
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Degradation Kinetics and Mechanism of 
Aminocephalosporins in Aqueous Solution: Cefadroxil 
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Abstract 0 The degradation kinetics and mechanism of a new, orally 
effective cephalosporin derivative, cefadroxil, in aqueous solution were 
investigated at  pH 2.51-11.5 at  35O and ionic strength 0.5. The degra- 
dation rates were determined by high-pressure liquid chromatography. 
At constant pH and temperature, the degradation followed first-order 
kinetics and a log k-pH profile was presented. The shape of the rate-pH 
profile resembled that for cephalexin or cephradine under the same 
conditions. Citrate and phosphate buffers enhanced general acid and base 
catalysis of the degradation. In aqueous solution, cefadroxil was shown 
todegrade by three parallel reactions: (a) intramolecular aminolysis by 
the C-7 side-chain amino group on the P-lactam moiety, ( b )  water-cata- 
lyzed or spontaneous hydrolysis, and (c) P-lactam cleavage by the 
nucleophilic attack of hydroxide ion. In neutral and weak alkaline solu- 
tions, the main degradation products were two piperazine-2,Et-diones and 


3-hydroxy-4-methyl-2(5H)-thiophenone, the former being formed from 
Reaction a ,  while the latter arose oia the degradation pathways of Re- 
actions b and/or c. 


Keyphrases Cefadroxil-degradation kinetics and mechanism, 
high-pressure liquid chromatography, pH-rate profile, intramolecular 
aminolysis to produce piperazinediones, buffer and temperature effects 
0 Degradation kinetics-cefadroxil, high-pressure liquid chromatog- 
raphy assay, pH-rate profile, intramolecular aminolysis to produce pi- 
perazinediones, buffer and temperature effects 0 pH-rate profile- 
cefadroxil, degradation kinetics and mechanism, intramolecular ami- 
nolysis to produce piperazinediones, buffer and temperature effects 0 
Piperazinediones-cefadroxil degradation kinetics and mechanism, in- 
tramolecular aminolysis 


A previous study (1) determined the degradation ki- 
netics of a series of cephalosporins in aqueous solution at 
35O and ionic strength 0.5. The degradation of cephalo- 
sporins possessing an a-amino group in their C-7 side 


chain, such as cephalexin, cephradine, and cephaloglycin, 
was facilitated by the intramoiecular attack of the amino 
group to the reactive P-lactam moiety at  neutral pH (1-4). 
The relative instability of cephaloglycin under physio- 
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High-pressure Liquid Chromatography of Amiodarone in 
Biological Fluids 
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Abstract 0 A rapid, sensitive, and specific method of analysis for ami- 
odarone in serum, urine, and tissue by high-pressure liquid chromatog- 
raphy is described. Sample preparation includes acidification with two 
volumes of 0.2 M acetate buffer followed by extraction into five volumes 
of hexane. The organic solvent is dried, and the residue is reconstituted 
in mobile phase and injected into the chromatograph. Separation is ob- 
tained using a silica column and a chloroform-methanol-ammonia mobile 
phase. Detection at 254 and 280 nm showed the assay to be specific in the 
presence of other commonly administered drugs. Levels of 0.05 pglml 
can be measured with a precision of f15%; but with appropriate modi- 
fication of the procedure, levels as low as 0.025 pg/ml can be measured 
with suitable precision. The inter- and intraday coefficient of variation 
for replicate analysis of spiked serum samples is <5%. This method is 
useful for single- and multiple-dose pharmacokinetic studies of ami- 
odarone in animals and humans. 


Keyphrases Amiodarone-high-pressure liquid chromatography in 
biological fluids 0 High-pressure liquid chromatography-amiodarone 
in biological fluids o Vasodilator-amiodarone, high-pressure liquid 
chromatography in biological fluids 


Amiodaronel (I), a benzofuran derivative, is structurally 
similar to thyroxine. It is an effective antiarrhythmic agent 
for the treatment of supraventricular and ventricular 
tachyarrhythmias (1, 2). The pharmacokinetics of ami- 
odarone have been studied in animals and humans fol- 
lowing the administration of radiolabeled amiodarone and 
the measurement of total radioactivity in serum and urine 
(3). However, because of the nonspecificity of total ra- 
dioactivity measurements, a sensitive and specific method 
of analysis for unlabeled amiodarone is needed. Flanagan 
et al. (4) described a high-pressure liquid chromatographic 
(HPLC) method for the measurement of amiodarone in 
plasma or serum with a sensitivity of 0.05 pg/ml, but they 
did not indicate if the assay was sensitive enough for sin- 
gle-dose pharmacokinetic studies. One disadvantage of 
their method is the use of a mobile phase containing 15 
parts of ether. Its volatility may cause chromatographic 
variations. 


I: X = 0, R = C,H,, Y = I, n = 2, Z = C,H, 
11: X = S ,  R = C,H,, Y = Br, n = 3, is = C,H, 


' Cordarone, Labaz Laboratories, Ambares, France. 


The present report describes a rapid, sensitive, and 
specific HPLC technique for amiodarone in serum, urine, 
or tissues. Because of a concentrating step during sample 
preparation, a sensitivity of 0.025 pgfml with acceptable 
precision was obtained. This method was used to measure 
amiodarone in biological fluids of dogs and humans in 
single- and multidose pharmacokinetic studies and is ac- 
ceptable for postmortem tissue analysis. 


EXPERIMENTAL 


Reagents and Chemicals-Amiodarone hydrochloride2 and the in- 
ternal standard2 (II), a benzothiophene derivative of amiodarone, were 
used as received. Chloroform3, methanol3, and hexane were HPLC grade. 
All other reagents and solvents were analytical grade quality and were 
used as received. 


Amiodarone Standard-A stock solution of amiodarone (1.0 mg/ml) 
was prepared by dissolving 10.6 mg of amiodarone hydrochloride in 10.0 
ml of methanol. Serum standards were prepared by spiking blank control 
serum with appropriate microliter volumes of the stock solution to obtain 
five serum standards with the following concentrations of amiodarone: 
0.125,0.25,0.50, 1.0, and 2.0pg/ml. 


Internal Standard-A stock solution of the internal standard (1.0 
mg/ml) was made by dissolving 10.0 mg in 10.0 ml of methanol. An in- 
ternal standard working solution was prepared by dilution of an aliquot 
of the stock solution with acetate buffer to contain 0.5 pg/ml. 


Acetate Buffer-A 0.2 M acetate buffer was prepared by mixing 10.9 
parts of Solution A (27.2 g of hydrous sodium acetatehiter) with 89.1 parts 
of Solution B (11.5 ml of acetic acidfliter). The pH of the buffer wasad- 
justed to 3.8 by dropwise addition of either acetic acid or 1 N NaOH. 


Instruments and Chromatographic Conditions-A microparti- 
culate, stainless steel, normal-phase column4, 4.0 mm X 30 cm, at ambient 
temperature was used for separation. The column was used with a sept- 
umless injector5, a solvent delivery system consisting of a dual-piston 
pump6, and a dual fixed-wavelength UV absorbance detector7 equipped 
with 254- and 280-nm filters. The eluting solvent was chloroform- 
methanol-ammonium hydroxide (98.951.00.05) at a flow rate of 0.8 
ml/min. A dual-pen recorder6 with a range of 0-10 mv was used with a 
chart speed of 0.5 cm/min. Peak heights were measured to the nearest 
half-millimeter with a metric ruler. 


Prior to analysis, the chromatographic system was stabilized for 10-20 
min and 20 pl of a standard test mixture of amiodarone (1 pg/ml) and the 
internal standard (1 pg/ml) in the mobile phase was injected into the 
chromatograph. A response factor was calculated from the resulting peak 
heights to confirm accurate operation. 


Sample Preparation-To a disposable screw-capped glass culture 
tube (16 X 125 mm) were added 0.5 ml of serum or urine and 1.0 ml of the 
internal standard working solution. The sample was extracted with 5.0 
ml of hexane by gentle shaking on a horizontal shakerg for 10 min. For 
tissue analysis, 1.0 ml of tissue homogenate, prepared by homogenizing 
1.0 g of blotted tissue in 10.0 ml of distilled water, was mixed with 2.0 ml 


Labaz, Centre de Recherche, Brussels, Belgium. 
3 Burdick & Jackson Laboratories, Muskegon, Mich. 
4 FPorasil, Waters Associates, Milford, Mass. 


Model U6K, Waters Associates, Milford, Mass. 
6 Model 6000A, Waters Associates, Milford, Mass. 
-I Model 440, Waters Associates, Milford, Mass. 
8 Omniscribe, Houston Instruments, Austin, Tex. 


Eberbach Carp., Ann Arbor, Mich. 
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hAlNUTES 
Figure 1-Representatiue high-pressure liquid chromatogram of blank 
human serum (A) and human serum containing amiodarone, 1 pg/ml 
09. 
of internal :standard working solution and extracted with 10.0 ml of 
hexane. The organic phase (upper) was separated by centrifugation at 
1600 X g for 5 min and transferred to a clean, disposable, glass test tube. 
The hexane was evaporated at  60" under a gentle nitrogen stream. The 
residue was reconstituted in 50 p1 of mobile phase by vortex mixing'O, 
and 20 pl was injected into the liquid chromatograph. The concentration 
of amiodarone in the serum was determined from a calibration curve of 
peak height ratio (amiodarone to internal standard) uersus amiodarone 
concentration in serum standards carried through this procedure. 


RESULTS AND DISCUSSION 


Chromatograms obtained from blank human serum and serum spiked 
with amiodarone are shown in Fig. 1. The peaks representing amiodarone 
and the internal standard are symmetrical and well removed from the 
solvent front and extraneous serum peaks. The retention times of ami- 
odarone and the internal standard are 8.2 and 10.0 min, respectively. 
Some control of retention times is possible by varying the proportion of 
ammonium hydroxide in the mobile phase. Increasing amounts of am- 
monium hydroxide decrease the retention times of both compounds. 
Reducing the amount of ammonium hydroxide increases retention times 
and results inl notable peak tailing. Although the ratio of methanol in the 
mobile phase does not significantly alter retention times, a small quantity 
of methanol is useful in modifying the silica stationary phase and facili- 
tating reproducible separation and peak symmetry. 


Calibration curves of peak height ratio versus concentration were 
obtained by analyzing serum standards containing amiodarone in con- 
centrations ranging from 0.05 to 2.0 pg/ml. Calibration curves were 
prepared using two different wavelengths for detection, 254 and 280 nm. 
(Detection at two wavelengths is a simple way to validate that there is 
only one solu1,e under the peak of interest eluting from the column.) The 
calibration curves at both wavelengths were linear over the concentration 
range studied. The least-squares linear regression line representing the 
best fit of the amiodarone data a t  254 nm had a slope of 1.69 and a y in- 
tercept (where y = peak height ratio) of -0.04 ( r  = 0.999). The corre- 
sponding line at 280 nm had a slope of 1.01 and a y  intercept of -0.03 ( r  
= 0.999). Although assay sensitivity is better a t  254 nm, the assay is op- 
erated routinely at 280 nm. At  this wavelength, detector noise is con- 
siderably less and solvent transparency to the detector is better, resulting 
in a more stable baseline and shorter equilibration time. 


Assay precision was determined by repeated analysis of spiked serum 
samples containing low (0.25 pg/ml) and high (1.0 pglml) concentrations 
of amiodarone. The mean concentration, standard deviation, and coef- 
ficient of variation for intra- and interday analysis are shown in Table 
I. The within-day and day-to-day variation a t  each concentration was 
<5%. 


'Olrortex-gen ie, Scientific Industries, Springfield, Mass. 


Table I--Precision Data for the Determination of Amiodarone in 
Serum 


Concen- Intraday Interday 
tration, Mean f SD, c v, MeanfSD,  CV,  
pg/ml n pg/ml % n  d m l  % 


1.0 5 0.993 f 0.026 2.62 10 0.951 f0 .040  4.21 
0.25 5 0.230 f0.006 2.61 10 0.225 f 0.011 4.89 


The analytical recovery of amiodarone from serum was determined 
by comparing peak heights of amiodarone obtained by analyzing ex- 
tracted, spiked serum specimens to the peak heights obtained by direct 
injection of methanolic solutions of amiodarone containing an amount 
of amiodarone equivalent to the amount in the spiked serum specimens. 
The mean f SD recovery of amiodarone was 81.9 f 5.0% ( n  = 10) at a 
concentration of 1.0 pg/ml and 79.7 f 2.5 (n = 3) at a concentration of 
0.25 pg/ml. 


The sensitivity of this method is 0.05 pg/ml using 0.2 ml of serum 
samples and 0.01 aufs. The intraday coefficient of variation for spiked 
serum samples containing 0.05 pg/ml was f13.0% (n  = 5). Lower con- 
centrations of amiodarone may be detected with an analytical error of 
<f15% by increasing serum volume, detector attenuation, or injection 
volume. Detection at  254 nm would also increase sensitivity if necessary. 
Amiodarone concentrations of 0.025 pglml in serum were easily mea- 
surable by including such modifications in the procedure. 


The described method for amiodarone analysis in serum has been used 
in single-dose pharmacokinetic studies and for monitoring serum ami- 
odarone concentrations in patients receiving long-term amiodarone 
therapy. A typical serum amiodarone concentration-time profile obtained 
in two patients after administration of a single 800-mg oral loading dose 
is shown in Fig. 2. Amiodarone appears to be absorbed relatively slowly 
and disappears rapidly from the serum, at  least following the first dose. 
Detailed studies of amiodarone pharmacokinetics in dogs and humans 
are being conducted. 


The present assay uses a silica column and a nonaqueous mobile phase. 
Although bonded, reversed-phase systems using aqueous mobile phases 
are preferred by many chromatographers for the analysis of drugs in 
serum, a normal-phase, liquid-solid chromatographic system is useful 
for such drugs as amiodarone, cimetidine, trimethoprim, and tricyclic 
antidepressants. The mobile phase requirements are usually similar: a 
pure, organic solvent such as chloroform or methylene chloride of inter- 
mediate polarity similar to the solute; a small proportion of a miscible, 
more polar solvent, such as methanol or isopropanol, to modify the ad- 
sorbent activity of the stationary silica phase; and a small amount of base 
to adjust the ionization state of the solute and to minimize peak tailing. 
The amiodarone assay has been used for over 3 years and has proven to 
be simple, reliable, and accurate. Column life is often as long as 1 year 
or over 500 injections. The base in the mobile phase has not caused any 
apparent deterioration in column efficiency. 


A single-step solvent extraction procedure is used to separate ami- 
odarone from serum and to concentrate it. An acidic pH is optimal for 
the extraction. Organic solvents useful for extraction of amiodarone from 
serum include ether, methylene chloride, chloroform, and hexane. Hexane 
provides the cleanest extract and no back-extraction is required. Pre- 
treatment of the serum before injection is rapid, and as many as 20-30 
serum sampledday can be analyzed by one technician. 


No endogenous substances or drugs have been found to interfere with 


0 2 4 6 8 10 12 14 16 18 20 22 24 
HOURS 


Figure 2-Serum amiodarone concentrations in two patients after an 
800-mg oral loading dose. Key: 0,  Patient 1; and a, Patient 2. 
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amiodarone analysis using this procedure. The assay has been used for 
patients receiving amiodarone in combination with drugs such as pro- 
cainamide, quinidine, lidocaine, disopyramide, digoxin, prednisone, fu- 
rosemide, and other thiazide diuretics. 
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Abstract A study was designed to test the influence of surface area 
on the percutaneous absorption of nitroglycerin from a commercial 
ointment formulation, using a simple crossover design. On separate oc- 
casions, three volunteers were given 16 mg of nitroglycerin (2%) over a 
25- and 1M)-cm2 area. Plasma nitroglycerin concentration was measured 
at 30,45,60, and 90 min using a sensitive capillary GLC4ectron-capture 
detection method capable of quantitating to 150 pg/ml. Plasma con- 
centrations a t  all times increased at  least twofold with the increased 
surface area; highest observed concentrations were 0.17 and 0.41 ng/ml, 
respectively. A fourth volunteer received 16 and 32 mg of nitroglycerin 
over 100 cm2. Doubling the dose increased the 0-90-min AUC by only 
76% but caused a 3.5-fold increase in the 90-min plasma concentration. 
These results suggest that the surface area of application significantly 
influences the pharmacokinetics of nitroglycerin ointment. 


Keyphrases 0 Nitroglycerin-ointments, effect of method of application 
on pharmacokinetics, humans 0 Ointments-nitroglycerin, effect of 
method of application on pharmacokinetics, humans Pharmacoki- 
netics-effect of method of application on nitroglycerin ointments, hu- 
mans Vasodilators-nitroglycerin ointments, effect of method of ap- 
plication on pharmacokinetics, humans 


Nitroglycerin (glyceryl trinitrate), a vasodilator, is used 
extensively in the treatment of angina, cardiac infarction, 
and other circulatory conditions (1). However, because of 
its rapid elimination (2,3), sustained-release or percuta- 
neous dosage forms were developed. It was recently shown 
(4) that the ointment dosage form is more bioavailable 
than a sustained-action oral capsule formulation, and ev- 
idence was presented ( 5 )  that blood concentrations ob- 
tained after ointment application were dose dependent. 
However, neither study examined the influence of surface 
area on percutaneous absorption. It was also demonstrated 
(6) that the amount of nitroglycerin absorbed through the 
skin of a rhesus monkey was dependent on the surface area 
(but not the anatomical area) of application; however, the 
importance of this finding may not be generally recognized 
in the everyday use of this dosage form. 


The present study investigated the influence of the 


surface area of application of the ointment on nitroglycerin 
bioavailability. 


EXPERIMENTAL 


Three healthy adult male volunteers were each given 650 mg of acet- 
aminophen orally (to control possible side effects), followed by 16 mg of 
nitroglycerin as a 2% ointment’. In the first part of the experiment (“small 
area”), the ointment was spread on paper2 cut to 25 cm2, and the paper 
was applied over the chest near the sternum and covered with an adhesive 
bandage. In the second part (“large area”), performed 2 months later on 
the same volunteers, an identical amount of nitroglycerin ointment was 
spread over 100 cm2 in the same region of the chest, outlined on the skin 
with the help of a template. The ointment was applied as uniformly as 
possible with a sqainless steel spatula and immediately occluded with a 
sheet of aluminum foil attached with adhesive tape. A fourth volunteer 
received 16 and 32 mg of nitroglycerin ointment (2%) spread over 100 cm2 
as described for the large area experiment. 


Blood (10 ml) was collected by venipuncture, using an all-glass syringe, 
a t  the times indicated in Tables I and 11, and dispensed at once into a 
chilled glass tube containing 0.3 ml of heparin sodium (300 U/per tube) 
and 50 p1 of 0.002 M AgN03 (7). The contents were mixed by inversion, 
centrifuged immediately in the cold (5 min, 2000 rpm, 4’), and the plasma 
was separated for the nitroglycerin assay. 


The assay method3 consisted of mixing 1 or 2 ml of plasma with 100 
pl of 1 M AgN03 (8), extracting with 10 ml of redistilled pentane con- 
taining 3 ng of o-dinitroben~ene~, and evaporating the solvent in an ice 
bath with a gentle nitrogen stream. The residue was redissolved in 25 gl 
of redistilled hexane, and 4 p1 of this solution was chromatographed on 
a capillary GLC system5 equipped with an electron-capture detector6, 
using a 25-m methyl silicone gum-coated open tubular column7. The 
chromatographic conditions were carrier gas, helium (6-ml/min septum 
purge, 2-ml/min column flow); makeup gas, argon-methane (95:5,30 
ml/min); injection, splitless, at 200°, 30-sec delay; oven, programmed 
temperature from 80 to  130’ a t  30’/min; detector, 150’; and retention 


1 Nitrol, Kramer-Urban, Milwaukee, Wis. 


3 To be described in detail elsewhere. 


6 Hewlett-Packard model 18713A linear electron-capture detector. 
7 Hewlett-Packard model S P  2100. 


Appli-Ruler, provided by the manufacturer as package insert. 


RotoRack, Fisher Scientific, Ottawa, Canada. Extraction a t  15 rpm, 20 min. 
Hewlett-Packard model 5730A with model 18740B capillary inlet system. 
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unknown concentrations of ibuprofen in plasma samples were read di- 
rectly from the graph. 


RESULTS AND DISCUSSION 


Typical chromatograms of blank rabbit plasma (A), blank rabbit 
plasma spiked with ibuprofen (B), blank rabbit plasma spiked with 
ibuprofen and internal standard (C), and plasma collected 60 min after 
administration of 150 mg of ibuprofen in a suppository or oral preparation 
and spiked with the internal standard (D) are shown in Fig. 1. Ibuprofen 
and the internal standard were well resolved and eluted with retention 
times of 8.5 and 5.5 min, respectively. No interference from metabolites 
was detected under these experimental conditions. 


Table I illustrates recoveries of ibuprofen from plasma spiked with 
0.1-50 pg/ml. The standard curve is the average of five determinations; 
the regression line slope was calculated to be 0.128 with a standard cor- 
relation matrix of 0.999, indicating excellent linearity. 


The plasma ibuprofen time courses for four rabbits in a bioavailability 
study are shown in Fig. 2. The AUC values for the four formulations were 
89.77,74.38,96.5, and 128.94 pg/ml/hr for 150 mg of ibuprofen in poly- 
ethylene glycol 1540, theobroma oil, esterified fatty acids ( C l v C l ~ ) ~ ,  and 
an oral suspension, respectively. 


1 2 3 4 5 6 7 8  
HOURS 


Figure 2-Serum ibuprofen levels after administration of a 150-mg dose 
of a suppository of three different bases and one oral preparation. Key: 
0, theobroma oil; 0, polyethylene glycol 1540; @ , f a t t y  acids; and ., 
suspension. 


jector5, a UV (254 nm) absorbance detector, and a strip-chart recorder. 
The deproteinated plasma samples were chromatographed at  room 
temperature on a microparticulate (pBondapak CIS) reversed-phase 
HPLC column (4 mm X 30 cm) with an eluting mobile phase of acetoni- 
trile-0.1 M acetic acid (55:45 v/v). The flow rate was adjusted to 1 
ml/min with an inlet pressure of -1500 psi. The chart speed was 0.2 
cm/min. The ratio of the peak height of ibuprofen to that of the internal 
standard was used to calculate the ibuprofen concentration, based on a 
calibration curve prepared from spiked plasma samples. 


Calculations-Peak height ratios were obtained by dividing the peak 
height of ibuprofen by the peak height of the internal standard. Cali- 
bration curves from known ibuprofen concentrations in plasma were 
prepared by plotting the peak height ratios versus the ibuprofen con- 
centration, expressed as micrograms per milliliter of plasma. Values of 
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Abstract 0 Prostaglandins El (alprostadil), E2 (dinoprostone), Fl,, and 
F2, (dinoprost) were characterized in terms of binding to human serum, 
albumin, y-globulin 11, P-globulin 111, a-globulin IV-1, and a-globulin 
IV-4. By using equilibrium dialysis and tritium-labeled ligands, the 
percent binding for all four ligands was found to decrease in the following 
order: human serum, albumin, and a-globulin IV-4. For the other three 
proteins, the order was not consistent with the four ligands, and <lo% 
binding was observed. In general, prostaglandins El and E2 showed a 
higher percent binding for all fractions than prostaglandins F1, and Fza 
All four ligands can be characterized as showing significant binding to 
human serum, albumin, and a-globulin IV-4. 


Keyphrases Prostaglandins-binding to human serum proteins, 
equilibrium dialysis of radiolabeled prostaglandins 0 Protein bind- 
ing-prostaglandins El (alprostadil), E2 (dinoprostone), Fl,, and Fza 
(dinoprost) to human serum proteins, equilibrium dialysis of radiolabeled 
prostaglandins Binding, protein-binding of prostaglandins El (al- 
prostadil), Ez (dinoprostone), Fl,, and Fza (dinoprost) to human serum 
proteins, equilibrium dialysis of radiolabeled prostaglandins 0 Equi- 
librium dialysis-of radiolabeled prostaglandins El (alprostadil), Ez 
(dinoprostone), FI,, and Faa (dinoprost) bound to human serum pro- 
teins 


Since the discovery and description of the prostaglan- 
dins, a vast literature has evolved concerning their physi- 
ological and pharmacological actions (1). As circulating 
hormones, these compounds have different rates of dis- 


appearance from the circulation after injection. Presum- 
ably, the differences reflect differences in metabolic deg- 
radation rates (2, 3). The availability of a compound for 
metabolic degradation could be related to whether or not 
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Table I-Binding of [3H]Prostaglandins El, E2, Flu, and FzU to Human Serum Proteins ,I 
Serum Protein Percent of Prostaglandin Boundb 


Fraction Concentration, mg/ml Ei Ez Flu Fza 
Albumin 40.0 
a-Globulin IV-1 1.0 
a-Globulin IV-4 5.0 
/3-Globulin 111 7.0 
y-Globulin I1 11.0 
Human serum - 


81.40 (0.39) 71.00 (2.57) 63.3 11.48) 42.4 (0.92) 
12.5 (0.46j 
55.00 (0.59) 
5.04 (0.21) 


8.96 io.92j 
26.90 (0.58) 
9.13 (0.64) 


6.86 (0.29) 5.13 io.52j 
31.0 (0.52) 24.10 (2.12) 
3.17 (0.32) 2.92 (0.15) 


6.17 (0.43) 7.12 (0.38) 1.67 (0.12) 0 
92.60 (0.09) 80.10 (0.47) 76.4 (2.56) 70.9 (1.29) 


~ ~ ~ ~~~ 


Each system contained a total, in moles, of the following: prostaglandin El, 2.823 X prostaglandin Ez, 2.84 X 10-8; prostaglandin F1,, 2.82 X 10-8; and prostaglandin 
Fza, 2.83 X * Values in parentheses are standard deviations. Data were obtained using equilibrium dialysis method. 


the compound is bound to a serum protein and the tight- 
ness of the binding (4). Prostaglandins bind to human 
plasma proteins, and some bind specifically to human 
serum albumin (2,543). 


Interest in serum protein binding capabilities of pros- 
taglandins has centered on the quantitative analytical 
techniques in which prostaglandin must be quantitatively 
extractable from serum (8) and on factors involved in their 
physicochemical state as circulating hormones (2); 
knowledge of the latter is basic to the investigation of the 
pharmacological and pharmacokinetic properties of 
prostaglandins. Therefore, the percent binding of pros- 
taglandins El (alprostadil), E 2  (dinoprostone), FI,, and Faa 
(dinoprost) to human serum proteins was examined. 


EXPERIMENTAL 


Methods-Protein binding was measured using a previously described 
technique (9). Equilibrium dialysis was used to determine whether 
binding occurred between a ligand and a specific protein and the percent 
of ligand bound to the protein. Values reported are the averages of at least 
three replicates. This concentration range was selected to approximate 
the range of higher concentrations of prostaglandin El used by Unger (8) 
in albumin binding studies. Radioactivity was determined in a liquid 
scintillation system’. 
Materials-[5,6-3H(N)]Prostaglandin El2, [5,6,8,11,12,14,15- 


3H(N)]prostaglandin Ez2, [5,6-3H(N)]prostaglandin Flu3, and [9-3H]- 
prostaglandin FZa3 had specific activities of 89.5, 117, 40, and 15 Ci/ 
mmole, respectively. Crystalline human serum albumin and other human 


0.0001 0.0601 1 0.00012 0.00013 
TOTAL CONCENTRATION, M 


Figure 1-Total concentration of ligand in the system versus bound 
concentration. Albumin concentration was 5.797 X mole (40 
mglml). Key: A, prostaglandin Fz& B, prostaglandin Flu; C, prosta- 
glandin El; and D, prostaglandin Ez. 


Beckman model LS-133. 
New England Nuclear Corp. 
Amersham Corp. 


serum proteins were used as received4. A xylene-based phosphor solution5 
was used in all radioactivity determinations, and all other chemicals were 
reagent grade. Radiopurity was rechecked prior to use utilizing the 
methods indicated by the suppliers. A radiopurity of 99% was the mini- 
mum acceptable. 


RESULTS AND DISCUSSION 


The extent to which each prostaglandin was bound to whole human 
serum and several human serum proteins or fractions is tabulated in 
Table I. All four prostaglandins were bound to a significant extent (>To% 
binding) to whole human serum, and prostaglandins El and Ez were 
bound to a higher percentage than prostaglandins Flu and Fzu. This 
finding is in agreement with previous studies (5,6) in which the affinity 
of prostaglandins for serum proteins decreased with an increase in the 
number of polar groups in the prostaglandin molecule. 


The serum protein to which binding was greatest for all four com- 
pounds was albumin. All prostaglandins showed the next highest affinity 
for a-globulin IV-4 and a relatively low affinity for the other serum 
protein fractions. a-Globulin IV-4 contains corticosteroid binding 
globulin (10); although the latter protein cannot necessarily be implicated 
in the binding of prostaglandins to a-globulin IV-4, the nonpolar nature 
of corticosteroids and prostaglandins suggests its possible involvement. 
Evidence for a prostaglandin A1 binding protein in human plasma other 
than albumin has been presented (11). 


There was a significant difference in the affinity of the E prostaglandins 
for human serum albumin compared to the F prostaglandins. With all 
four prostaglandins, the concentration of bound ligand increased in 
relation to the total ligand concentration in the system (Fig. 1). 


Under the study conditions, prostaglandin instability was not a factor 
as demonstrated by Karim et al. (12). Membrane binding was determined 
in all experiments and was uniformly <5%. At least 95% of the counts per 
minute added could always be accounted for in the sum of the counts per 
minute in both sides of an equilibrium cell, indicating no significant 
binding to the plexiglass. 
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Abstract 0 Determination of the chloride content of aluminum chlor- 
ohydrate by a chloride-selective electrode indicated that yci- - 1. IR 
analysis demonstrated that chloride was exchanged readily by nitrate 
and that the IR bands of the anion were not perturbed significantly. Thus, 
chloride is believed to act as a counterion. A high positive charge is pre- 
dicted based on the critical coagulation concentration of aluminum 
chlorohydrate and the stability of aluminum chlorohydrate to attack by 
protons, as demonstrated by pH-stat titration. Potentiometric titration 
with sodium hydroxide showed adsorption of hydroxyl anions initially, 
but a higher pH than expected was observed a t  the end-point. This be- 
havior is consistent with the A11304(OH)24(H20):2+ complex, which would 
adsorb hydroxyl anions initially and in which the central tetrahedral 
aluminum is shielded from the added hydroxyl anions. The reaction rate 
with ferron (8-hydroxy-7-iodo-5-quinolinesulfonic acid) suggests that 
the major species in aluminum chlorohydrate is a large aluminum poly- 
cation. A platey morphology for lyophilized, air-dried, and spray-dried 
aluminum chlorohydrate was observed by scanning electron microscopy. 
The platey appearance is consistent with the structure of 
A11304(OH)24(H20);2+ since the spherical nature and high uneven charge 
of the complex make stacking difficult. 


Keyphrases Aluminum chlorohydrate-physicochemical properties 
determined by IR spectroscopy and pH-stat and potentiometric titrations 


Spectroscopy, IR-analysis, aluminum chlorohydrate, physicochemical 
properties determined Potentiometric titration-aluminum chlor- 
ohydrate, physicochemical properties determined, IR spectroscopy and 
pH-stat titration Critical coagulation concentration-aluminum 
chlorohydrate, physicochemical properties determined using IR spec- 
troscopy and pH-stat and potentiometric titrations 


X-ray diffraction and IR and 27A1-NMR spectroscopy 
recently showed that aluminum chlorohydrate is composed 
of a central aluminum in tetrahedral configuration sur- 
rounded by 12 aluminum atoms, each in an octahedral 
configuration (1). The complex, A11304(OH)24(H20):2+, is 
essentially spherical with the +7 charge equally distributed 
on the surface. Seven chloride ions are believed to be as- 
sociated with the complex as counterions. The objectives 
of this study were to examine the physicochemical prop- 
erties of aluminum chlorohydrate and to determine if these 
properties are related to the recently proposed struc- 
ture. 


EXPERIMENTAL 


Aluminum chlorohydrate was obtained commercially as a 50% (w/w) 
solution'. 


Aluminum was quantified by a chelatometric titration procedure (2). 
The chloride content was determined by both the modified Volhard 
technique (3) and a chloride-selective electrode2. The aluminum chlor- 
ohydrate solutions were diluted with potassium nitrate solutions prior 
to measurement by the chloride-selective electrode to produce a solution 
having 1 X 10-2-1 X M chloride and an ionic strength of -0.1. The 
chloride concentration of aluminum chlorohydrate solutions that had 
been hydrolyzed by nitric acid also was determined by the modified 
Volhard method and by the chloride-selective electrode. Hydrolysis was 
accomplished by adding the quantity of nitric acid indicated in Table 
I and heating to 70O for 1 hr. 


Chloride in aluminum chlorohydrate was replaced by nitrate; after air 


Lot 8473, Wicken Products, Huguenot, N.Y. 
Model 94-17A, Orion Research, Cambridge, Mass 


Table I-Chloride Content of Aluminum Chlorohydrate 
Determined by Volhard Method and Chloride-Selective 
Electrode 


Nitrate Volhard Chloride-Selective 
Added, M Method, A4 Electrode, M 


Potassium nitrate 
9.0 x 10-2 2.3 x 10-3 2.3 x 10-3 


2.3 x 10-4 9.9 x 10-2 2.3 x 10-4 
Nitric acid 


9.0 x 10-2 2.3 x 10-3 2.1 x 10-3 
9.9 x 10-2 2.3 x 10-4 2.3 x 10-4 


drying, the IR spectrum was determined in potassium bromide pellets. 
One hundred milliliters of 0.308 M silver nitrate was placed in a 400-ml 
beaker, and 90 ml of a diluted aluminum chlorohydrate solution (0.308 
M in chloride) was added slowly. Silver chloride precipitated throughout 
the addition. The mixture was stirred for 15 min and centrifuged a t  2500 
rpm for 10 min. The precipitate was discarded, and the supernate was 
prepared for IR spectroscopy3. 


The charge of the aluminum chlorohydrate complex was determined 
by the method of Matijevic et al. (4), except that  0.69% sodium mont- 
morillonite was used as the lyophobic colloid rather than silver iodide. 
Potassium chloride, calcium chloride, aluminum nitrate, and thorium 
nitrate were used to prepare a standard curve of the valence of the 
coagulating cation uersus the ratio of the critical coagulation concen- 
tration of the cation to the critical coagulation concentration of potas- 
sium. 


The potentiometric titration curve of aluminum chlorohydrate or 
aluminum chloride with sodium hydroxide was determined with an au- 
tomated titrator4. The aluminum chloride solution was brought to a ratio 
of 2.5 (hydroxyl to aluminum) with sodium hydroxide before the recorder 
was activated so that both aluminum samples were titrated from a hy- 
droxyl to aluminum ratio of 2.5 to 3.0. 


The rate and extent of acid neutralization by aluminum chlorohydrate 
was determined a t  pH 1,2,  and 3 at  25O with an automated titrator4. 


The distribution of aluminum in aluminum chlorohydrate (i.e., 
monomers, small polycations, and large polycations) was determined by 


l o t  
I / 


I I I 


2.50 2.75 3.00 
HYDROXYL TO ALUMINUM 


Figure 1-Potentiometric titration of aluminum chlorohydrate (ACH) 
or aluminum chloride (AC) with sodium hydroxide. 


Model 180, Perkin-Elmer Corp., Norwalk, Conn. 
PHM 26, TTT 11, ABU 12 (2.5 ml), TTA 3, SBR 2, Radiometer, Copenhagen, 
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Figure 2-A pH-stat titrigram of aluminum chlorohydrate a t  p H  1,2, 
and 3. 


the ferron (8-hydroxy-7-iodo-5-quinolinesulfonic acid) test (5). 


taken following air drying, spray drying, or lyophilization. 
Scanning electron photomicrographs5 of aluminum chlorohydrate were 


RESULTS AND DISCUSSION 


Table I compares the chloride content of aluminum chlorohydrate 
solutions as determined by the Volhard titration and the chloride-se- 
lective electrode. The results by both methods were virtually identical. 
In addition, the chloride content was the same for intact and hydrolyzed 
aluminum chlorohydrate. Thus, the chloride activity coefficient of alu- 
minum chlorohydrate must be close to 1, indicating that the chloride ion 
acts as a counterion. This finding is in contrast to the activity of chloride 
in chloride-containing aluminum hydroxide gel. The fact that the chloride 
content of chloride-containing aluminum hydroxide gel, as determined 
by a chloride-selective electrode, was less than that determined by the 
Volhard titration was attributed to the binding of the chloride ion to the 
aluminum hydroxy complex (6). 


The degree of interaction of the anion with the A11304(OH)24(H20):; 
complex could be studied by IR spectroscopy if the anion was IR active. 
Thus, aluminum chlorohydrate was treated with silver nitrate to attempt 
to replace the IR inactive chloride with IR active nitrate. Nitrate anion 
was chosen because it is the same approximate size and charge as chloride, 
and it is symmetrical so that any perturbations due to interaction with 
the aluminum complex would cause a shift in the IR spectrum. The IR 
spectrum was not affected by the replacement of chloride by nitrate ex- 
cept for the appearance of bands at 1380 and 830 cm-'. Both bands cor- 
respond to the bands for nitrate in sodium nitrate, indicating that the 
anion in aluminum chlorohydrate is readily exchangeable. Furthermore, 
the IR bands of sodium nitrate a t  1358 and 836 cm-I show little inter- 
action of the anion with the A11304(OH)~*(Hz0):2+ complex (7). Thus, 
the activity of the chloride ion and the IR spectrum of aluminum nit- 
rohydrate indicate that the anion is not part of the aluminum complex 
but rather functions as a counterion. This behavior is consistent with the 
structure of the A11304(OH)24(H20):; complex. 


Table I1 shows that the critical coagulation concentration of aluminum 
chlorohydrate was less than thorium. The regression equation for the 
known cations (charge = 0.12 CCC/CCCK+ + 0.97)6 had a R2 value of 
0.990 and predicted a valence of 5.6 for aluminum chlorohydrate. This 
valence is the average of all species present in the aluminum chlorohy- 
drate solution. In addition, the valence of highly charged cations may be 
greater than that determined by the critical coagulation concentration 
method because interionic distances increase rapidly with dilution (8). 
Therefore, the valence of aluminum chlorohydrate as determined by the 


10 30 50 7 0  90 
MINUTES 


Figure 3-Rate of reaction of a solution of aluminum chlorohydrate 
containing 9.87ppm of aluminum with ferron. 


5 Super 111 A, International Scientific Products, Mountain View, Calif. 
CCC/CCCK+ is the ratio of the critical coagulation concentration of the cation 


to the critical coagulation concentration of potassium. 


Table 11-Critical Coagulation Concentration (CCC) of 
Aluminum Chlorohydrate in Comparison to Known Cations 


Ion 


Potassium 1 6.25 x 10-3 1.00 
Calcium 2 8.73 x 10-4 7.16 
Aluminum 3 3.5 x 10-4 17.85 
Thorium 4 2.5 x 10-4 25.00 
Aluminum chlorohydrate Unknown 1.62 X 38.58 


critical coagulation concentration method is consistent with the high 
charge of the A11304(OH)24(H20):2+ complex. 


The titrigrams of aluminum chloride (following the addition of sodium 
hydroxide to produce a hydroxyl to aluminum ratio of 2.5) and of alu- 
minum chlorohydrate are shown in Fig. 1. The pH of the aluminum 
chlorohydrate solution did not increase as rapidly as the aluminum 
chloride solution, indicating that the added hydroxyl concentration was 
being adsorbed by the aluminum chlorohydrate. The evenly distributed 
positive charge of the AII~O~(OH)~~(HZO):: complex would be expected 
to adsorb hydroxyl anions. Furthermore, the pH at  the end-point (hy- 
droxyl to aluminum ratio of 3) was higher for aluminum chlorohydrate. 
This finding suggests that more hydroxyl anions are in solution in the 
aluminum chlorohydrate solution, possibly because the tetrahedral 
aluminum in the center of the A11304(OH)24(HzO):: complex is inac- 
cessible to the added hydroxyl anions. 


The reactivity of aluminum chlorohydrate to proton attack was in- 
vestigated by pH-stat titration. Hydroxyl anions are released into solution 
if aluminum chlorohydrate breaks up under proton attack. As can be seen 
in Fig. 2, aluminum chlorohydrate is very stable to proton attack. Even 
at pH 1, only -25% of the total hydroxyl anions in aluminum chlorohy- 
drate were neutralized. The fact that protons do not readily attack the 
complex further indicates that aluminum chlorohydrate is positively 
charged. In addition, the charge is predicted to be high and evenly dis- 
tributed to shield the hydroxyl anions of the complex from proton at- 
tack. 


Based on the reaction rate with ferron, the distribution of aluminum 
species in aluminum chlorohydrate can be classified as 4% monomeric 
aluminum, 8% small polycations, and 88% large polycations (Fig. 3). The 
fact that the major species in aluminum chlorohydrate reacts slowly with 
ferron also is consistent with the structure of the A11304(OH)24(H20):; 
complex. 


The morphology of aluminum chlorohydrate that had been air dried, 


Figure 4-Scanning electron photomicrographs of aluminum chlor- 
ohydrate. Key: upper left, lyophilized, 700X, line of 50 pm; upper right, 
lyophilized, 5000X; lower left, spray dried, ZOOOX, line of 5 pm; and 
lower right, air dried, 10,OOOX. 
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lyophilized, or spray dried was examined by scanning electron microscopy 
(Fig. 4). All samples showed a platey structure, although it was most ev- 
ident in the lyophilized sample. The spray-dried sample showed spherical 
particles that are inherent to spray drying. However, the spheres were 
made up of thin plates. The air-dried samples formed scroll-like sheets 
due to the more rapid rate of water loss from the top surface during 
drying. Johansson (9), in proposing the A11304(OH)24(H20):$ complex, 
noted the formation of plate-like crystals during the study of a basic 
aluminum sulfate that was built up from the same kind of aluminum- 
oxygen complexes. It is suggested that the high uneven charge on the 
spherical units minimize contact with adjacent units so that a planar 
configuration provides the most favorable spatial and electrostatic ar- 
rangement. 
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Abstract 0 An automated high-pressure liquid chromatographic 
(HPLC) system compatible with any standard tablet dissolution appa- 
ratus was developed. This system allowed the individual drug concen- 
trations within a product to be determined simultaneously, even when 
the drugs had similar structures and UV spectra. This automated system 
permitted unattended sampling and concentration determination at 
predetermined time intervals. The dissolution medium was pumped 
continuously through a fixed-volume, microprocessor-controlled injector 
and returned to the USP rotating-basket dissolution apparatus. No 
corrections for the changing dissolution medium volume were necessary 
since each injection onto a reversed-phase HPLC column consumed just 
10 pl of medium. Dissolution tests were performed on three brands of 
trisulfapyrimidines tablets. Sample injections were made automatically 
at 5.1-min intervals for -2 hr. Dissolution profiles were determined for 
each drug in each product. Statistically significant differences were found 
in the mean concentration-time values between drugs within a drug 
product and between drug products. 


Keyphrases 0 High-pressure liquid chromatography-with automated 
dissolution testing of a combination drug product Dissolution-au- 
tomated high-pressure liquid chromatography, combination drug product 
0 Combination drugs-dissolution testing using automated high-pres- 
sure liquid chromatography Trisulfapyrimidines-combination drug 
product, dissolution testing using automated high-pressure liquid 
chromatography 


Automated procedures for dissolution testing of phar- 
maceuticals have been of interest since such procedures 
are labor saving and increase analytical reproducibility. 
These automated procedures usually involve pumping the 
dissolution medium directly through a flowcell mounted 
in a UV spectrophotometer (1-6). An inherent problem 
with such an arrangement is the lack of drug specificity. 
If two or more drugs in a drug product have similar UV 
spectra, this procedure is useless. 


In view of the number of combination products on the 
market, an automated technique is needed that allows each 


drug in a product to be quantitated individually during a 
dissolution run. 


BACKGROUND 


High-pressure liquid chromatography (HPLC) is a versatile analytical 
technique that combines the specificity of chromatography with the 
sensitivity of refractive index, UV, fluorescence, or electrochemical de- 
tection. Optimal retention times for the separation of active ingredients 
and dosage form excipients may be obtained by appropriately varying 
the mobile phase composition, pH, and/or flow rate. Changing the 
chromatographic temperature and utilization of gradient elution also are 
viable options. Other than filtration, aqueous samples require no special 
preparation prior to injection onto a reversed-phase HPLC column. 


While various components of an HPLC system have been used to 
automate drug analysis procedures (3,7) during dissolution, the actual 
chromatographic process has been included only in a manual (8) or 
semiautomated (7) procedure. 


This report describes a totally automated HPLC method that has been 
used successfully to characterize the dissolution profile of each drug entity 
in a trisulfapyrimidines USP tablet. Completely unattended dissolution 
analysis is possible using this technique. 


EXPERIMENTAL 


A USP rotating-basket dissolution apparatus, a dissolution stirrer 
drive’, and a water bath2 were used. The basket was rotated at 150 rpm, 
and the temperature of the dissolution medium (0.1 N HCl) was 37.0 f 
0.1O. A pump3 circulated the dissolution medium through a fixed-volume 
(1O-pl loop) microprocessor4-controlled injector5 and returned the me- 


1 Model 53, Hanson Research Corp., Northridge, CA 91234. 
2 Precision Scientific, Chicago, Ill. 
3 Milton Roy Mini-Pump, Laboratory Data Control, Riviera Beach, FL 


33404. 
Model 740 Control Module, Micromeritics, Norcross, GA 30093. (Depending 


on the interfacing procedure, the Micromeritics model 753 ternary solvent mixer 
ma also be required.) 


Model 735 with model 725 automatic injector valve, Micromeritics, Norcross, 
GA 30093. 
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as well as nonpolar systems. An effort is being made to obtain W without 
solubility data, with the possibility of finding a physicochemical basis 
for W and/or a group contribution method for estimating this solvent- 
solute interaction term. 


It is interesting to observe in Table 111 and in Figs. 1 and 5 that small 
(fractional to 1 or 2%) differences between 6162, the geometric mean, and 
W, the correct adhesive energy density, may cause large differences 
(25-75%) between ideal and real solubilities. It will challenge the inves- 
tigator to measure and calculate energies within 5-50 cal/mole required 
for an independent measure of W for accurate estimation of solubilities. 
The prediction of solubility using W from group contributions would 
represent a step toward a better understanding of the behavior of drug 
molecules in polar and nonpolar solvent systems. 
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Abstract 0 The degradation kinetics and mechanism of a new, orally 
effective cephalosporin derivative, cefadroxil, in aqueous solution were 
investigated at  pH 2.51-11.5 at  35O and ionic strength 0.5. The degra- 
dation rates were determined by high-pressure liquid chromatography. 
At constant pH and temperature, the degradation followed first-order 
kinetics and a log k-pH profile was presented. The shape of the rate-pH 
profile resembled that for cephalexin or cephradine under the same 
conditions. Citrate and phosphate buffers enhanced general acid and base 
catalysis of the degradation. In aqueous solution, cefadroxil was shown 
todegrade by three parallel reactions: (a) intramolecular aminolysis by 
the C-7 side-chain amino group on the P-lactam moiety, ( b )  water-cata- 
lyzed or spontaneous hydrolysis, and (c) P-lactam cleavage by the 
nucleophilic attack of hydroxide ion. In neutral and weak alkaline solu- 
tions, the main degradation products were two piperazine-2,Et-diones and 


3-hydroxy-4-methyl-2(5H)-thiophenone, the former being formed from 
Reaction a ,  while the latter arose oia the degradation pathways of Re- 
actions b and/or c. 


Keyphrases Cefadroxil-degradation kinetics and mechanism, 
high-pressure liquid chromatography, pH-rate profile, intramolecular 
aminolysis to produce piperazinediones, buffer and temperature effects 
0 Degradation kinetics-cefadroxil, high-pressure liquid chromatog- 
raphy assay, pH-rate profile, intramolecular aminolysis to produce pi- 
perazinediones, buffer and temperature effects 0 pH-rate profile- 
cefadroxil, degradation kinetics and mechanism, intramolecular ami- 
nolysis to produce piperazinediones, buffer and temperature effects 0 
Piperazinediones-cefadroxil degradation kinetics and mechanism, in- 
tramolecular aminolysis 


A previous study (1) determined the degradation ki- 
netics of a series of cephalosporins in aqueous solution at 
35O and ionic strength 0.5. The degradation of cephalo- 
sporins possessing an a-amino group in their C-7 side 


chain, such as cephalexin, cephradine, and cephaloglycin, 
was facilitated by the intramoiecular attack of the amino 
group to the reactive P-lactam moiety at  neutral pH (1-4). 
The relative instability of cephaloglycin under physio- 
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logical conditions was attributed to this phenomenon, its 
half-life being only -5 hr. Although cephalexin and 
cephradine react similarly, they were much more stable 
than cephaloglycin under the same conditions. Because of 
the intramolecular aminolysis of these aminocephalos- 
porins in aqueous solution, stable piperazinediones were 
formed (1-3,5-7). 


This paper describes the degradation kinetics and 
mechanisms of a new, orally effective cephalosporin anti- 
biotic, cefadroxil (I), which shows essentially the same 
antibacterial spectrum as cephalexin (8). It is structurally 
similar to cephalexin, differing only in the hydroxylation 
of the phenyl side chain. 


EXPERIMENTAL' 


Materials-Cefadroxil monohydrate (947 pglmg) was used without 
further purification. Buffers and all other chemicals were reagent 
grade. 


Buffers-Citrate and phosphate buffers (pH 2.51-5.82 and 6.00-7.20, 
respectively) were used for the kinetic study. At  pH > 7.20, a pH-stat2 
was used to maintain a constant pH. All buffers of the kinetic solutions 
were adjusted with potassium chloride to an ionic strength of 0.5. The 
pH was measured2 at  the temperature of the kinetic study. 


Kinetic Procedures-All kinetic experiments were carried out at 35 
f 0.1' and ionic strength 0.5 unlesa otherwise stated. Accurately weighed 
cefadroxil was dissolved in an appropriate buffer or 0.5 M potassium 
chloride solution preheated to the desired temperature to give an initial 
concentration of 5 X M. The fast reaction was performed in a 
glass-stoppered 100-ml volumetric flask. Where the half-life was >1 day, 
the degradation buffer solution was sealed in 5-ml ampuls. Samples were 
withdrawn at suitable intervals, cooled in an ice bath, diluted with dis- 
tilled water if necessary, and analyzed. 


The degradation rate of cefadroxil was followed by measuring the re- 
maining drug concentration by a reversed-phase high-pressure liquid 
chromatographic (HPLC) method. In addition to the HPLC determi- 
nation of the overall degradation rate of cefadroxil, the decrease in the 
concentration of the primary amino group in cefadroxil during the deg- 
radation was followed by a colorimetric assay. 


Analytical Procedures-HPLC-The liquid chromatograph3 was 
equipped with a UV de tec td  set a t  254 nm and a 4.0 X 300-mm stainless 
steel column prepacked with octadecylsilane chemically bonded on totally 
porous silica gel5. The mobile phase was 2% (or 3%) acetonitrile-98% (or 
97%) 0.01 M ammonium acetate aqueous solution. Chromatography was 
performed at ambient temperatures, and samples were eluted at  a flow 
rate of 2 ml/min. Peak heights were measured, and the concentrations 
were calculated from the calibration curves obtained daily. 


Colorimetric Assay-The primary amino group was quantitated by 
using the trinitrobenzenesulfonic acid assay of Satake et al. (9) in a 
modified form used previously (3) for cephalexin degradation. 


A 500-pl aliquot of the degradation solution containing cefadroxil was 


1 IR spectra were run in potassium bromide using a Hitachi 215 s ectropho- 
tometer. U V  spectra were recorded with a Shimadzu UV-300 spectropgotometer. 
PMR spectra were obtained, unless otherwise stated, in deuterated dimethyl 
sulfoxide on a Hitachi R-24B (60 MHz) s rometer with chemical shifts measured 
relative to tetramethylsilane. ElementaEalyses were carried out a t  the Central 
Analysis Center, Nagoya City University, Ja an. Preparative TLC was conducted 
on Merck precoated TLC plates (silica gel 60 $!!A, 0.5- or 2 mm thick). Visualization 
was done with iodine vapor. Melting points were determined on a heat block 


titrator and ABU12b autoburet, 
pH meter, Radiometer, Copen- 


hagen, Denmark. 
3 Model FLC-A700. Japan Spectroscopic Co., Tokyo, Japan. 
4 Model UVIDEC-100, Japan Spectroscopic Co., Tokyo, Japan. 
6 pBondapak CIS, Waters Associates, Milford, Mass. 
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added to 2 ml of a 0.2 M phosphate buffer a t  pH 7.6. Thereafter, 2 ml of 
a 0.2% (w/v) aqueous solution of 2,4,6-trinitrobenezenesulfonic acid was 
added; after standing for 30 min in darkness a t  room temperature, the 
absorbance of the resulting orange solution was measured6 at  420 nm 
against a blank consisting of 500 ~l of reaction solution without cefadroxil, 
2 ml of phosphate buffer, and 2 ml of trinitrobenzenesulfonic acid solution 
treated similarly. 


Determination of Ionization Constants-The apparent ionization 
constants, pKa1 and pKa2, for the dissociation of carboxylic acid and the 
a-ammonium group of cefadroxil (Scheme I) were determined to be 2.64 
f 0.03 and 7.30 f 0.03, respectively, by the potentiometric titration of 
0.01 M antibiotic aqueous solution at an ionic strength of 0.5 and 35'. The 
p K a  value for the phenolic group of cefadroxil was determined spec- 
trophotometrically (10). The calculation was made from the change in 
absorbance6 at 250 nm for 5 X M cefadroxil solution adjusted to ionic 
strength 0.5 with potassium chloride at  various pH values and 35' to give 
pKa3 = 9.69 f 0.06. 


TLC-TLC was conducted on precoated silica gel plates 0.25-mm 
thick. Developing solvents were: Solvent A, chloroform-ethyl acetate- 
acetic acid-water (4441); Solvent B, methyl isobutyl ketone-acetic 
acid-water (7:21); Solvent C, toluene-butanol-acetic acid-water (4431); 
and Solvent D, ethyl acetate-isopropanol-water (107:5). The chro- 
matograms were visualized by exposing the plates to iodine vapor. 


Isolation and Identification of Degradation Products in Basic 
Aqueous Solution-Cefadroxil (2.5 g) in 0.1 M disodium phosphate 
solution (50 ml) was kept a t  60" for 1 hr a t  pH 9.1. The reaction mixture 
gave four spots on TLC. Acidification with dilute hydrochloric acid and 
subsequent fractionation as shown in Scheme I1 gave the product I1 (25 
mg) and a mixture of IV and V slightly contaminated with I11 (370 


Product ZI-Recrystallization from chloroform-hexane yielded the 
pure compound, mp 118-119.5'; I R  3370 (OH), 1690 (thiolactone), and 
1630 (olefin) cm-I; PMR (deuterochloroform): 6 2.09 (s,3H, CH3), 3.74 
(s,2H, CHz), and 6.10 (s, lH,  OH) ppm; UV (water-methanol, 91): A,. 
246,255 (shoulder), 246, and 304 nm (0.1 N NaOH added). 


Anal.-Calc. for C5H602S: c, 46.14; H, 4.65. Found: C, 45.83; H, 
4.61. 


mg). 


~ 


6 Double-beam apectrophotometer, UV-200, Shimadzu, Kyoto, Japan. 
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Scheme ZI-Fractionation of cefadroxil degradation reaction mix- 
ture. 


Mixture of Products of IV and V-IR 3500-3000 (OH, NH), 1710 
(shoulder, earboxyl), and 1660 (amide) cm-l; PMR (db-pyridine): 6 1.43 
(d, 8 Hz) and 2.41 (s) ppm (-21); PMR (db-pyridine-deuterium oxide): 


0 


inj 


L 


6 30 min 


0 5 1 0 0  5 1 0 0  6 10 
RETENTION TIME, min 


Figure 1-Changes in the high-pressure liquid chromatagram during 
cefadroxil degradation at pH 11.50, So, and ionic strength 0.5 with time. 
The mobile phase was 2% acetonitrile-M% 0.01 M ammonium acetate, 
and samples were eluted at a flow rate of 2 mllmin. 


6 1.44 (s) and 2.45 (s) ppm; PMR (deuterium oxid+pot.assium carbonate): 
6 1.21 (s) ppm; UV (methanol): X,,, 225 and 273 nm; TLC: Rf (Solvent 
D) 0.62 (111, trace), 0.55 (IV), and 0.45 (V). 


Degradation Products in Organic Solvent System-A suspension 
of cefadroxil(10 g) in methanol (250 ml) was refluxed for 3 hr while ace- 
tonitrile (100 ml) was added dropwise. Evaporation of the solvent in 
uacuo followed by the addition of chloroform (400 ml) to the residue 
yielded a precipitate (7.6 g), which was identified by IR and TLC as the 
mixture of IV and V slightly contaminated with 111. 


Methyl Esters of Products IV and V-The mixture of IV and V (7.5 
g) was dissolved in warm methanol. After cooling, an ethereal solution 
(150 ml) of diazomethane, generated from N-methyl-N-nitroso-p-tolu- 


methylation reaction solution 


I 
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concentration to 


acetone (200 ml) 
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adsorption on 3 g of 
diatomaceous earth (methanol) 
chromatography on silica gel I (10 B) 
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adsorption on 30 g of diatomaceous 
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Figure %-Changes in the high-pressure liquid chromatogram during 
cefadroxil degradation at pH 7.20 (0.15 M phosphate), 35O, and ionic 
strength 0.5 with time. The mobile phase was 2% acetonitrile-98% 0.01 
M ammonium acetate, and samples were eluted at a flow rate of 2 
mllmin. 


enesulfonamide (30 g), was added dropwise over 1 hr. The precipitate (2.2 
g) was filtered, and a part (100 mg) was chromatographed on silica gel 
(10 g) with acetone as the eluent to give pure ester V b  (67 mg), mp 
212-213'; I R  3500-3000 (OH, NH), 1730 (ester), and 1680 (amide) cm-l; 
PMR: 6 1.20 (d, J = 7 Hz, 3H), -3 (m, 3H), 3.80 (s, 3H), 4.05 (m, lH), 5.03 
(9, lH), 5.41 (m, lH), 6.78 ( d , J  = 9 Hz, 4H), 7.85 (d, lH, exchangeable), 
8.38 (s. lH, exchangeable), and 9.31 (b, lH, exchangeable) ppm; UV: A, 
226 and 276 nm. 


Anal.-Calc. for C17H19N305S: C, 54.10; H, 5.07; N, 11.13. Found c ,  
53.98; H, 5.00; N, 10.68. 


The filtrate was separated as shown in Scheme I11  to give a small 
amount of ester IVb. Recrystallization from methanol yielded 100 mg 
of the pure ester, mp 214-215'; I R  3500-3000 (OH, NH), 1720 (ester), 
and 1660 (amide) cm-l; P M R  6 2.04 (s, 3H), 3.05-3.5 (m, 2H), 4.25-4.6 
(m,2H),4.85 (s,lH),6.55-7.3 (d , J  = 9 Hz,4H),8.21(s,lH,exchange- 
able), 8.71 (9, lH, exchangeable), and 9.37 (b, lH,  exchangeable) ppm; 
UV (methanol): Amax 230 and 277 nm. 


Anal.-Calc. for C17H19N305S: C, 54.10; H, 5.07; N, 11.13. Found: C ,  
53.53; H, 5.05; N, 10.93. 


N-Acetylcefadroxil (V1)-A suspension of cefadroxil(3 g) in acetic 
anhydride (200 ml) was stirred at ambient temperature for 15 hr. The 
precipitate was filtered and washed with water to yield pure VI (1.7 g, 
53.3%) after recrystallization from methanol, mp 217-220' (dec.); I R  
3500-3000 (OH, NH), 1765 (B-lactam), 1735 (shoulder, carboxyl), and 
1655 (amide) cm-l; P M R  6 1.88 (s,3H, acetyl), 1.98 (s,3H, 3-methyl), 


(broad, 3H, benzylic and 7-CH), 6.5-7.4 (dd, J = 8 Hz, 4H, aromatic), 8.35 
(d, J = 9 Hz, lH, 7-NH), 9.07 (d, J = 9 Hz, lH,  NH of acetamide), and 
9.3 (broad, lH,  phenolic) ppm; UV (water): A,,, 228 and 263 nm. 


Anal.-Calc. for C ~ S H ~ ~ N ~ O ~ S :  C, 53.33; H, 4.72; N, 10.36. Found: C, 
52.84; H, 4.33; N, 9.94. 


3.0-3.7 (dd, J = 18 Hz, 2H, 2-CH2), 4.93 (d, J = 5 Hz, lH, 6-CH), 5.4-5.7 


RESULTS AND DISCUSSION 


Order of Degradation and Observed Rate Constants-The kinetics 
of cefadroxil degradation was followed by the HPLC method using an 
appropriate buffer system or a pH-stat to maintain a constant pH. 
Typical chromatograms of basic (pH 11.50, pH-stat) and neutral (pH 
7.20,0.15 M phosphate buffer) reaction mixtures, sampled at  suitable 
time intervals, are shown in Figs. 1 and 2, indicating that the degradation 
products can be separated from the parent compound. Figure 3 shows 
the logarithmic plots of the residual cefadroxil concentration versus time 
at pH 11.50 for three different initial concentrations of 1,5, and 10 X 
M. The observed pseudo-first-order rate constants were almost identical 
to the overall degradation of cefadroxil calculated from the slopes and 
were independent of initial drug concentration. 


NHCOCHq 


COOH 
VI 


s '.h 
w q- 
CJ 


10-41 I I I I I I I 
0 8 16 24 32 40 48 56 


MINUTES 
Figure &Apparent first-order plots for cefadroxil degradation at three 
different concentrations ( 0 , l  X M; and A, 1 X 


M) at pH 11.50,35", and ionic strength 0.5, determined by HPLC 
assay. 


Similar semilogarithmic plots of the percent residual cefadroxil versus 
time were reasonably linear under various pH conditions (Fig. 4). These 
results indicate that the degradation of cefadroxil a t  constant pH, tem- 
perature, and ionic strength follows simple first-order kinetics with re- 
spect to cefadroxil. The observed rate constants and the buffer systems 
are listed in Table I. 


Catalytic Effect of Buffer Systems-The catalytic effect of the two 
buffer systems used in the kinetic studies was determined at constant 
pH, temperature (35O), ionic strength (p  = 0.5), and drug concentration 
(5 X M); only the buffer concentration was varied. This experiment 
was done at  several pH values within the effective range for each buffer 
employed. The results (Figs. 5 and 6) show that the observed first-order 
rate constants increased linearly with an increase in the buffer concen- 
trations at  a constant pH in all cases. 


Figure 5 shows the catalytic effect of citrate buffers between pH 2.51 
and 5.82. The observed rate constant in the citrate buffer was actually 
a summation of several catalytic rate constants catalyzed by the buffer 
species plus the rate constant a t  zero buffer concentration. Accordingly, 
the observed rate constants, kobs, may be expressed by: 


M; .,5 X 


koh = kpH + k~d[H3A]  + ~ H ~ A - [ H ~ A - ]  + ~HAZ-[HA'-] + k.43-[A3-] 
(Eq. 1) 


where kpH represents the rate constant at zero buffer concentration; other 
k values are the second-order rate constants imposed by citrate buffer; 
[Hd],  [HzA-], [HAZ-], and [A3-] are the concentrations of undissociated 
citric acid, dihydrogen citrate ion, monohydrogen citrate ion, and citrate 
ion, respectively. 


The total citrate concentration, [Ci t ]~ ,  is shown as: 


[ C i t ] ~  = [H3A] + [HzA-] + [HA2-] + [A3-] (Eq. 2) 


0 10 20 30 40 50 60 70 
HOURS 


Figure 4-Apparent first-order plots for the degradation of 5 X 
M cefadroxil at various pH values, 35", and ionic strength 0.5, deter- 
mined by HPLC assay. Key: @, pH 5.82 (0.11 M citrate buffer); A, pH 
6.00 (0.10 M phosphate buffer); 0, pH 6.00 (0.2 M phosphate buffer); 
A, pH 7.20 (0.15 M phosphate buffer); X, pH 10.50 (pH-stat); and V, 
pH 10.75 (pH-stat). 


Journal of Pharmaceutical Sciences I 1123 
Vol. 70, No. 10, October 1981 







Table I-Effects of Buffer Concentration and pk on the Pseudo-First-Order Rate Constants for  Cefadroxil Degradation a t  35' and 
Ionic Strength 0.5 


pH (Buffer) 


4.31 (Citrate) 
4.91 (Citrate) 
5.82 (Citrate) 
6.00 (Phosphate) 
6.58 (Phosphate) 


7.00 (pH-stat) 
7.00 (pH-stat) 
7.20 (Phosphate) 
8.46 (pH-stat) 


7.00 (pH-stat) 


9.00 (pH-stat) 
9.70 (PH-stat) 
10.50 (PH-stat) 
10.75 (pH-stat) 
11.50 (pH-stat) 
11.50 (pH-stat) 
11.50 (pH-stat) 
11.50 (DH-stat) 


103 k,h, hr-l 
0.05 M 0.10 M 0.15 M 0.20 M lo3 kpH, hr-l 


0.937 
1.06 
1.10 
1.28 
1.69 


0.987 
1.03 
1.25 
1.58 
2.33 


1.03 
1.13 
1.34 
1.92 
2.99 


0.979 
1.18 
1.48 
2.17 
3.58 


0.950 
0.950 
0.950 
0.970 
1.02 


2.64 (0.037 M )  3.81 (0.073 M )  4.98 (0.110 M )  6.09 (0.146 M) 1.47 
8.27 14.3 21.8 25.5 1.50 
16.6 26.8 37.8 48.7 4.50 


- - 6.52 
- - 37.1 (50') 
- - 92.6 (60') 
40.3 (0.10 M )  55.7 (0.15 M) 7.50 


- 16.0 
- - 22.0 


- 60.1 
- 177 
- 361 - - 590 (30') - - 1470 - - 2180 (40") 


- - 7560 (50") 


- 


- 
- 
- 


The dissociation constants of citric acid can be written as: Figure 6 shows the phosphate buffer effect between pH 6.00 and 7.20. 
Within this pH range, only the mono- and dihydrogen phosphate ions 
are significant. The overall rate expression can be given for the phosphate 


(Eq. 7) 


where k~p@,- and k~m; are the catalytic rate constants by mono- and 
dihydrogen ion species of phosphate and [Ph], is the total phosphate 
concentration. By using the dissociation constant of the dihydrogen 


(Eq. 3) 


(Eq. 4) 


Kcit [H2A-]aH+ 
W3AI buffer effect as: 


Kcit = [HA2-bH+ 
IH2A-1 


[A3-]a~+ K$t = - (Eq. 5) [HA2-] 
From Eqs. 1-5, the following overall rate expression, k,h, was ob- 


k~ O-aH+ + kHp&Kfh 
kOba=kPH+[PhlT lp ' a H + + ~ f h  


tained 


In this case, no attempt was made to elucidate the catalytic constants 
with respect to the protonated and zwitterionic species of cefadroxil. By 
using the dissociation constants of citric acid, pKft = 3.08, pKft =I 4.75, 
and pK$" = 5.40 (ll), the citrate catalytic constants a t  35' were found 
from Eq. 6 and the slopes in Fig. 5 to  be k ~ f i  = 9.70 X l W 5  M-' hr-l, 
k ~ f i -  = 1.85 X M-' hr-l, and kAs- 
= 9.47 X lo-* M-I hr-1. 


M-' hr-1, KHAZ- = 1.86 X 


I 


pH 4.31 


PH 3.71 
pH 3.1 1 


pH 2.51 


O* 
0.06 0.10 0.16 0.20 


TOTAL CITRATE, M 
Figure &Plots of pseudo-first-orher rate constant versus total citrate 
buffer concentration for cefadroxil degradation at various pH values, 
35', and ionic strength 0.5. 


phosphate ion, pKKh = 6.59 at  35', = 0.5 (12), the catalytic rate con- 
stants on the degradation of cefadroxil were obtained from Eq. 7 and the 
slopes in Fig. 6 to be kHgoi = 6.80 X M-' hr-' and kHp@,- = 0.378 
M-' hr-1. 


6 L I pH 7.20 


5 -  


iL 4 


2 


- 
r 
n' 


;3 
- 


0 
.* 


I I 
0.06 0.10 U.15 0.20 


TOTAL PHOSPHATE, M 


/ pH 6.58 


' /  7 pH6.00 


Figure 6-Plots of pseudo-first-order rate constant versus total phos- 
phate buffer concentration for cefadroxil degradation at various pH 
values, so, and ionic strength 0.5. 
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2 4 6 8 10 
PH 


Figure 'I-Log k,H-pH profile for cefadroxil degradation in aqueous 
solution at 35" and ionic strength 0.5, where kPH is the apparent first- 
order rate constant for the degradation in buffer-free solutions or in 
buffers showing no effect on the degradation rate. The line represents 
the curve calculated from Eq. 10 and the constants in Table II; the 
points are experimental values. 


pH-Rate Profile-The pH dependence of the overall first-order rate 
constant, kpH, of cefadroxil degradation at  35" and ionic strength 0.5 is 
shown in Fig. 7. The rate constants used in construction of the graph were 
obtained from the intercepts of the graphs of k o k  versus total buffer 
concentrations at various pH values (Figs. 5 and 6). The results from runs 
performed with a pH-stat were incorporated (Table I). 


In the pH range studied, the amphoteric antibiotic cefadroxil exists 
in four different ionic forms: as a cation (IH;), a zwitterion (IH*), an 
anion (I-), and a dianion (I2-), the apparent pKa values of IH;, IH*, and 
I- being 2.64,7.30, and 9.69, respectively (35", p = 0.5) (Scheme I). 


Figure 7 shows that a t  pH > 10, the observed rate of the degradation 
increased rapidly and uniformly with increasing pH. Since the slope of 
this straight-line portion of the log k , ~  uersus pH profile is unity, the 
dissociation of the phenolic moiety apparently has no effect on the 
13-lactam cleavage, and the specific hydroxide-ion-catalyzed reactions 
of anionic and dianionic cefadroxil take place a t  the same rate in this pH 
region and account exclusively for the total cefadroxil degradation. 


A t  pH values near pKa2, there was an ascending sigmoid dependence 
of k p H  on pH, followed by a rapid rate decrease as the pH decreased. This 
inflection indicates that the dissociation equilibria of the side-chain 
amino group influenced the degradation rate. Below pH 5, the degrada- 


tios rate of cefadroxil was pH independent and not influenced by the 
dissociation of the 4-carboxylic acid group (pKal= 2.64). This observa- 
tion implies that the overall degradation consists chiefly of the water- 
catalyzed reactions of both cationic and zwitterionic cefadroxil. The 
hydrogen-ion-catalyzed cefadroxil degradation was negligible compared 
to the water-catalyzed reaction above pH 2.5. 


The total shape of the log k,~-pH profile of cefadroxil is very similar 
to that for cephalexin or cephradine (1) and suggests that the rate ex- 
pression given in &. 8 also holds true for the overall degradation of ce- 
fadroxil: 


(Es. 8) 


where ko represents the first-order rate constant for water-catalyzed 
degradation of both cationic and zwitterionic cefadroxil; k b  represents 
the first-order rate constant for the spontaneous (or water-catalyzed) 
degradation of the ionic and dianionic species of cefadroxil; &OH repre- 
sents the second-mder rate constant for specific hydroxide-ion-catalyzed 
degradation of all anionic species; K ,  is the autoprotolytic constant; f I H $ .  
fIH*. f t - ,  and f p -  r e p r d n t  the mole fractions of the cationic, zwitterionic, 
anionic, and dianionic species of amphoteric cefadroxil, respectively; and 
[I]T is the total cefadroxil concentration. 


By introducing the first-order expression: 


the fouowing pseudo-first-order rate expression is derived since only the 
dissociation of the 7-side chain amino group could influence the degra- 
dation rate: 


The theoretical degradation rate constant of cefadroxil was calculated 
for the pH of 2.5-11.5 range. By employing Kw = 2.09 X at  35" (131, 
the various rate constants listed in Table I1 were best satisfied. In Fig. 
7, the lime represents the theoretical curve calculated by substituting these 
k values into E!q. 10 while the points show the experimental results. The 
good agreement indicates that this equation adequately describes the 
kinetics of total cefadroxil degradation. 


Degradation Products in Neutral and Alkaline Solutions-The 
thin-layer chromatogram of the degradation reaction solution of cefa- 
droxil, conducted in a basic phosphate buffer a t  pH 9.1 at  60" for 1 hr, 
revealed four spots other than cefadroxil. These spots were tentatively 
named products 11,111, IV, and V according to their Rf values on TLC. 
Closer inspection of the chromatogram showed the major products to be 
IV and V. 


Products 111, IV, and V also were detected in the degradation carried 
out in methanol-acetonitrile, which suggests that the main degradation 
process is almost identical in the two solutions, but no trace of I1 was 
observed. 


Attempts to isolate and characterize the reaction mixture met with 
difficulties and proved only partially successful. Treatment of the mixture 
as shown in Scheme I1 yielded I1 and a mixture of IV and V slightly 
contaminated with 111. Further separation of the latter mixture under 
repetitive chromatography was successful. 


The structural elucidation of I1 was achieved based on spectral data. 
The PMR spectrum revealed simple patterns composed of three singlet 
signals a t  6 2.09,3.74, and 6.10 ppm, with signal areas in the ratio of 321, 
respectively. Furthermore, the IR spectrum exhibited three characteristic 
absorptions at 3370,1690, and 1630 cm-', which suggests the presence 
of an enol lactone. The UV spectrum showed absorbances at  246 and 255 
nm, the latter showing a typical bathochromic shift to 304 nm on the 
addition of a base. This finding led to the determination of I1 as the thiol 
lactone, 3-hydroxyl-4-methyl-2-(5H)-thiophenone. Elemental analysis 
data supported the structure. 


Compound I1 is reported in the literature as the degradation product 
of cephalexin in experiments conducted a t  pH 7.4 (6) and 3.3 (7). 


The mixture of IV and V, the major products, displayed no peaks 
corresponding to a @-lactam in its IR spectrum, strongly indicating that 
the @-lactam was cleaved, The PMR spectrum in d5-pyridine revealed, 


11 


Jourr!al of pharmaceutical Sciences I 1 I25 
Vol. 70, No. 10, October 1981 







0 


H3C’ 
I1 


among others, two signals ascribable to methyl groups at d 1.58 (doublet) 
and 2.23 (singlet) ppm, the approximate ratio of the integrated signal 
areas being 21. This finding suggests the existence of two different methyl 
groups in the mixture, most likely one attached to a secondary carbon 
atom and the other attached to a double bond. Moreover, since the 
mixture showed no reaction with dinitrobenzenesulfonic acid, the lack 
of free amino groups is evident. From these results, it was speculated that 
the mixture is composed of the piperazinedione derivatives, IVa and 
Va . 


Further information on the structure of the components was gained 
by derivatizing the mixture to the respective methyl esters with diazo- 
methane in methanol. Chromatographic separations as shown in Scheme 
I11 proved successful in isolating each derivative. 


The P M R  spectrum of the major product, Vb, showed a doublet signal 
a t  6 1.20 ppm ascribable to a methyl group on a secondary carbon atom 
coupling with a vicinal proton. On addition of deuterium oxide, the signals 
centered at 6 4.05 and 5.41 ppm showing complex coupling patterns 
simplify, making it reasonable to assign the former to the proton on C-7 
and the latter to the proton on C-6 showing longrange coupling with 
protons on C-2 and/or C-3. The IR spectrum revealed peaks for ester 
carbonyl(l730 cm-’) and superimposed amide carbonyls (1680 cm-l), 
while the UV spectrum showed absorbances at 226 and 276 nm, assigned 
to the phenol group. All data proved to be consistent with the proposed 
structure, a piperazinedione derivative with the double bond at the C-4, 
C-5-position. 


The minor product, IVb, exhibited I R  and UV spectra closely resem- 
bling those of Vb. The P M R  spectrum revealed a singlet a t  6 2.04 ppm, 
which was the decisive factor in determining its structure as the pipera- 
zinedione derivative with the double bond at the C-3, C-4-position. 


Elemental analyses for the two esters supported the illustrated 


Scheme f V  


V a : X = H  
Vb: X = CH, 


--t products 


structures. The characterization of the methyl derivatives led to the 
conclusion that the major degradation products of cefadroxil in basic 
aqueous solution have structures IVa and Va,  as illustrated in Scheme 
IV. 


Mechanism of Reaction Involving Side-Chain a- Amino 
Group-The shape of the pH-rate profile of cefadroxil in the neutral 
pH region may be accounted for by the following three mechanisms 
(Scheme V): (a )  intramolecular nucleophilic attack of unprotonated 
side-chain amino groups on the 8-lactam carbonyl moiety, (b) intramo- 
lecular general base catalysis by the amino group inducing the attack of 
a water molecule on the &lactam moiety, and ( c )  intramolecular general 
acid catalysis by the protonated amino group inducing the attack of hy- 
droxide ion on the 8-lactam moiety. These mechanisms are kinetically 
indistinguishable. 


Mechanism a is markedly different from the other two in the formation 
of piperazine-2,5-dione products, whose structures are shown here as IVa 
or Va. Cohen et al. (5) reported the isolation of a piperazinedione product 
similar to Va from an aqueous sodium carbonate solution of cephradine. 
Recently, the piperazinedione was isolated from an aqueous phosphate 
solution of cephalexin kept a t  35O and pH 7.6 for 24 hr (6). In this study, 
the structural speculation of the mixture of IVa and V a  for the precipi- 
tated products from the basic solution of cefadroxil and the successful 
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Table 11-Dissociation Constants and Rate Constants * for the Degradation of Aminocephalosporins at 35" and Ionic Strength 0.5 


Antibiotic 


Cefadroxil 2.64 7.30 0.941 1.61 2.54 
Cephalexin * 2.56 6.88 1.15 1.01 2.64 
Cephradineb 2.53 7.30 1.10 0.740 3.98 
Cephaloglycin 1.91 6.90 5.00 13.5 13.1 
0 Rate constants are defined in Eq. 10. b Reference 1. 


isolation and identification of their methyl esters (IVb and V b )  supported 
the occurrence of Mechanism a .  


Additional evidences for the intramolecular aminolysis reaction 
(Mechanism a )  were obtained. Figure 8 shows the first-order plots of the 
disappearance of amino groups by following the decrease in the concen- 
tration of primary amino groups in cefadroxil solution during its degra- 
dation in 0.15 M phosphate buffer at pH 7.20,35', and p = 0.5, the plots 
being obtained by the Guggenheim method (14). Total disappearance 
followed by the HPLC method for the same samples is also shown in Fig. 
8. The apparent first-order rate constants obtained from the two methods 
are in reasonable agreement, suggesting that the loss of cefadroxil is ac- 
companied by a parallel loss of its amino group. Furthermore, when 
N-acetylcefadroxil (VI) was heated in a neutral phosphate buffer, no 
reaction was observed on TLC, indicating that the degradation required 
a free amino group attacking the 8-lactam moiety. 


These results lead to the conclusion that the degradation of cefadroxil 
proceeding at neutral and basic pH was dominated by a spontaneous 
aminolysis (Mechanism a )  rather than water-catalyzed aminolysis to 
produce the piperazinediones IVa and Va.  


Equilibrium between Degradation Products-PMR spectral 
studies of the mixture of IVa and Va suggested the existence of an 
equilibrium between them. PMR spectra in ds-pyridine showed a doublet 
at 6 1.21 ppm which, on addition of deuterium oxide, changed to a broad 
singlet; no change was observed with the singlet a t  6 2.01 ppm, clearly 
indicating the presence of an equilibrium shown in Scheme IV where the 
C-3 proton was easily exchanged by deuterium oxide through the mi- 
gration of the double bond. Further evidence for the equilibrium was 
obtained when the degradation of cefadroxil in potassium carbonate- 
deuterium oxide solution was monitored by PMR. The spectrum showed 
the singlet a t  6 2.01 ppm, assigned to the methyl group of cefadroxil, 
gradually disappearing with time while a new singlet assignable to a 
secondary methyl group appeared. This change indicates the double bond 
migration, probably to the 4,5-position, to predominantly yield V a  and 
exhibits the same behavior found for cephradine (5) and cephalexin 
(1). 


Similar migration of the double bond was also observed between the 
methyl esters, IVb and Vb.  In the PMR spectra of IVb in de-dimethyl 
sulfoxide, the addition of deuterium oxide and trifluoroacetic acid to the 
sample resulted in the appearance of new signal peaks, corresponding 
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Figure 8-Time courses for primary amino group disappearance during 
cefadroxil(5 X M) degradation in 0.15 Mphosphate buffer (pH 
7.20) at 35' and ionic strength 0.5. Absorbance refers to the absorbances 
produced by subjecting equal aliquots of the reaction solution to the 
trinitrobenzenesulfonic acid assay. The inset shows the first-order plots 
of the data (0) obtained by Cuggenheim treatment (22-hr intervals) 
in comparison with the HPLC assay (e) of the same samples. 


to the spectrum of Vb,  which increased in area until an apparent equi- 
librium was reached. Integration of peak areas showed that the equilib- 
rium was attained a t  a ratio of 3:l with IVb predominating. 


This result was confirmed by conducting the same experiment, this 
time starting with Vb, which showed the appearance and increase of small 
peaks corresponding to IVb until a similar equilibrium was reached in 
favor of IVb. Furthermore, data obtained from TLC of the esters in acidic 
conditions also supported the existence of an equilibrium. 


Available Evidence for Formation of I1 and a Possible Degra- 
dation Pathway in Aqueous Solution-The degradation product I1 
was isolated or confirmed from the cefadroxil degradation solutions in 
water and in 0.1 M dibasic sodium phosphate solution at  pH 9.1. How- 
ever, when cefadroxil was degraded in neutral organic solvents, no for- 
mation of I1 was observed on TLC. Bundgaard (6) reported the isolation 
of 3-hydroxy-4-methyl-2(5H)-thiophenone (11) from the degradation 
solution of cephalexin in 0.5 M phosphate buffer a t  pH 7.5 and proposed 
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Figure 9-Arrhenius plots for the apparent first-order rate constants, 
kpH, for cefadroxil degradation at pH 7.00 and 11.50 and ionic strength 
0.5. The pH values were maintained by a pH-stat. 
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that this thiophene derivative might be transformed from the pipera- 
zinedione product. 


To clarify the possible formation of I 1  from IVa or Va, the product 
mixture IVa and Va was heated in an alkaline phosphate solution. Several 
secondary degradation products were detectable on TLC, but none had 
the same It/ value as 11. The results suggest that product I 1  does not form 
uia IVa and V a  but ie directly formed from cefadroxil via a different 
pathway. 


Product 111 was difficult to isolate in amounts sufficient to characterize 
it; its formation was confirmed in neutral and basic degradation solutions 
of cefadroxil. 


A possible route to account for the observed formation of 11,111, IVa, 
and V a  is shown in Scheme IV. 


Temperature Dependency--Rate constants for the overall disap- 
pearance of cefadroxil were obtained from 35 to 60” at pH 7.00 and 11.50. 
The pH of the reaction solution was maintained constant by the use of 
a pH-stat. The Arrheniua plots are shown in Fig. 9. From these data, the 
apparent activation energies a t  pH 7.00 and 11.50 was determined to be 
21.4 and 23.8 kcal/mole, respectively. 


In aqueous solution at  pH 7.00 and 35O, cefadroxil degraded uia in- 
tramolecularly catalyzed reaction (kb reaction) to an extent of 83% and 
via a water-catalyzed 0-lactam opening (ko reaction) to an extent of 
17%. 


At pH 11.50, the hydroxide-ion catalyzed degradation proceeded ex- 
clusively, the contribution of the kb reaction being only 0.1%. The ap- 
parent activation energy of 23.8 kcaVmole at this alkaline pH may include 
the heat of ionization of water, 13.1 kcal/mole (13). The net activation 
enthalpy, AHz, of hydroxide-ion-catalyzed degradation of cefadroxil 
was calculated to be 10.5 kcal/mole at  35’. 


Comparative Stability Among Aminocephalosporins-Table I 1  
lists various rate constants defined by Eq. 10 for the degradation of 
cephaloglycin, cephalexin, and cephradine determined previously under 
the same kinetic conditions. It is apparent that the stability pattern of 
cefadroxil resembles that of cephalexin and cephradine over all pH re- 
gions. 


A comparison of the specific rate constants of ko, k b ,  and kOH for the 
four aminocephalosporins shows that the /?-lactam moiety of cephalo- 
glycin, which has an acetoxymethyl group in the C-3 position, is about 
four to five times more susceptible to attack of both water and hydroxide 


ion and eight to 18 times more reactive to intramolecular attack by the 
C-7 side-chain amino group than that of cephalosporins possessing a 
methyl group at  the C-3 position, i.e., cefadroxil, cephalexin, and 
cephradine. The difference in reactivity between cephaloglycin and the 
other three antibiotics may be ascribed to the difference in the inductive 
ability of their C-3 substituents and/or leavability of the C-3 moiety, as 
suggested previously for cephalosporin degradations (1,3,15-18). 
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Abstract D The effect of the chelating agent edetate disodium on the 
integrity of the goldfish membrane was examined. The time to produce 
death in goldfish exposed to secobarbital sodium was used as a reflection 
of membrane integrity. Although a minimum edetate disodium concen- 
tration was necessary to induce alterations in integrity, no direct rela- 
tionship between the effect and concentration of the chelating agent was 
evident. The chelating agent’s effect appeared to be an enhancement of 
the transport of the ionized drug form. The change in membrane integrity 
existed at least 24 hr after theoretical exposure to edetate disodium, but 
cyclic alterations in integrity could not be ruled out. The effect on in- 
tegrity was also demonstrated to be nonpermanent, and the apparent loss 
in integrity was partially restored by calcium but not by magnesium. 


Keyphrases a Permeability-effect of edetate disodium on goldfish 
membrane Edetate disodium-effect on membrane permeability, 
goldfish 0 Chelating agents-edetate disodium, effect on membrane 
permeability, goldfish 


Edetic acid is a chelating agent capable of changing 
transfer rates of certain substances across membrane 
barriers (1-4). It was reported (1) that the sodium salt of 


edetic acid was capable of enhancing the absorption of 
heparin and synthetic heparinoids from the GI tract of rats 
and dogs and that these results were consistent with an- 
other investigation (2) in the monkey, dog, cat, rabbit, and 
human. Feldman and Gibaldi (3) demonstrated that edetic 
acid was capable of affecting the transfer rate of salicylate, 
but not salicylamide, across the everted rat intestine. They 
concluded that edetic acid was capable of altering the 
barrier for water-soluble, but not lipid-soluble, compounds. 
It was also demonstrated (4) that the sodium salt of edetic 
acid was capable of increasing phenolsulfonphthalein 
absorption in rats. 


Although edetic acid is capable of changing the perme- 
ability of membranes to various compounds, the exact 
nature of the mechanism involved is unknown, Regardless 
of the mechanism, numerous studies have been performed 
to see if the effects of the chelating agent can be reversed. 
Windsor and Cronheim (1) found that the magnesium and 
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amiodarone analysis using this procedure. The assay has been used for 
patients receiving amiodarone in combination with drugs such as pro- 
cainamide, quinidine, lidocaine, disopyramide, digoxin, prednisone, fu- 
rosemide, and other thiazide diuretics. 
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Abstract A study was designed to test the influence of surface area 
on the percutaneous absorption of nitroglycerin from a commercial 
ointment formulation, using a simple crossover design. On separate oc- 
casions, three volunteers were given 16 mg of nitroglycerin (2%) over a 
25- and 1M)-cm2 area. Plasma nitroglycerin concentration was measured 
at 30,45,60, and 90 min using a sensitive capillary GLC4ectron-capture 
detection method capable of quantitating to 150 pg/ml. Plasma con- 
centrations a t  all times increased at  least twofold with the increased 
surface area; highest observed concentrations were 0.17 and 0.41 ng/ml, 
respectively. A fourth volunteer received 16 and 32 mg of nitroglycerin 
over 100 cm2. Doubling the dose increased the 0-90-min AUC by only 
76% but caused a 3.5-fold increase in the 90-min plasma concentration. 
These results suggest that the surface area of application significantly 
influences the pharmacokinetics of nitroglycerin ointment. 


Keyphrases 0 Nitroglycerin-ointments, effect of method of application 
on pharmacokinetics, humans 0 Ointments-nitroglycerin, effect of 
method of application on pharmacokinetics, humans Pharmacoki- 
netics-effect of method of application on nitroglycerin ointments, hu- 
mans Vasodilators-nitroglycerin ointments, effect of method of ap- 
plication on pharmacokinetics, humans 


Nitroglycerin (glyceryl trinitrate), a vasodilator, is used 
extensively in the treatment of angina, cardiac infarction, 
and other circulatory conditions (1). However, because of 
its rapid elimination (2,3), sustained-release or percuta- 
neous dosage forms were developed. It was recently shown 
(4) that the ointment dosage form is more bioavailable 
than a sustained-action oral capsule formulation, and ev- 
idence was presented ( 5 )  that blood concentrations ob- 
tained after ointment application were dose dependent. 
However, neither study examined the influence of surface 
area on percutaneous absorption. It was also demonstrated 
(6) that the amount of nitroglycerin absorbed through the 
skin of a rhesus monkey was dependent on the surface area 
(but not the anatomical area) of application; however, the 
importance of this finding may not be generally recognized 
in the everyday use of this dosage form. 


The present study investigated the influence of the 


surface area of application of the ointment on nitroglycerin 
bioavailability. 


EXPERIMENTAL 


Three healthy adult male volunteers were each given 650 mg of acet- 
aminophen orally (to control possible side effects), followed by 16 mg of 
nitroglycerin as a 2% ointment’. In the first part of the experiment (“small 
area”), the ointment was spread on paper2 cut to 25 cm2, and the paper 
was applied over the chest near the sternum and covered with an adhesive 
bandage. In the second part (“large area”), performed 2 months later on 
the same volunteers, an identical amount of nitroglycerin ointment was 
spread over 100 cm2 in the same region of the chest, outlined on the skin 
with the help of a template. The ointment was applied as uniformly as 
possible with a sqainless steel spatula and immediately occluded with a 
sheet of aluminum foil attached with adhesive tape. A fourth volunteer 
received 16 and 32 mg of nitroglycerin ointment (2%) spread over 100 cm2 
as described for the large area experiment. 


Blood (10 ml) was collected by venipuncture, using an all-glass syringe, 
a t  the times indicated in Tables I and 11, and dispensed at once into a 
chilled glass tube containing 0.3 ml of heparin sodium (300 U/per tube) 
and 50 p1 of 0.002 M AgN03 (7). The contents were mixed by inversion, 
centrifuged immediately in the cold (5 min, 2000 rpm, 4’), and the plasma 
was separated for the nitroglycerin assay. 


The assay method3 consisted of mixing 1 or 2 ml of plasma with 100 
pl of 1 M AgN03 (8), extracting with 10 ml of redistilled pentane con- 
taining 3 ng of o-dinitroben~ene~, and evaporating the solvent in an ice 
bath with a gentle nitrogen stream. The residue was redissolved in 25 gl 
of redistilled hexane, and 4 p1 of this solution was chromatographed on 
a capillary GLC system5 equipped with an electron-capture detector6, 
using a 25-m methyl silicone gum-coated open tubular column7. The 
chromatographic conditions were carrier gas, helium (6-ml/min septum 
purge, 2-ml/min column flow); makeup gas, argon-methane (95:5,30 
ml/min); injection, splitless, at 200°, 30-sec delay; oven, programmed 
temperature from 80 to  130’ a t  30’/min; detector, 150’; and retention 


1 Nitrol, Kramer-Urban, Milwaukee, Wis. 


3 To be described in detail elsewhere. 


6 Hewlett-Packard model 18713A linear electron-capture detector. 
7 Hewlett-Packard model S P  2100. 


Appli-Ruler, provided by the manufacturer as package insert. 


RotoRack, Fisher Scientific, Ottawa, Canada. Extraction a t  15 rpm, 20 min. 
Hewlett-Packard model 5730A with model 18740B capillary inlet system. 
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Table I-Effect of Surface Area on Nitroalvcerin Absorotion 


Blood Concentration, ng/ml(16-mg dose) 
Area, Minutes after Subject Subject Subject 
cm2 Application MT WN RL Mean 


25 30 0.17 0.15 0.18 0.17 
60 0.13 ND (I 0.16 0.14 


100 30 0.32 0.32 0.32 
45 0.47 0.36 0.39 0.41 
60 0.44 0.21 0.29 0.31 
90 0.32 0.16 0.26 0.25 
AUC (0-90) 0.48 0.33 0.39 0.40 


Sample unavailable. 


90 Npa  NDa NDa - 


(I None detected (<0.05 ng/ml). 


Table 11-Effect of Dose on the  Nitroglycerin Absorption 


Area, Minutes after Blood Concentration, ng/ml 
cm2 Application 16-mg Dose 32-mg Dose 


100 30 
45 
60 
90 
AUC (0-90) 


0.31 
0.36 
0.37 
0.24 
0.41 


0.20 
0.44 
0.88 
0.83 
0.72 


times, 3.8 min for nitroglycerin and 5.5 rnin for o-dinitrobenzene. 
Quantitatian was by the peak height ratio method. 


- ( A  + B)e%‘] was used with an iterative computer program to fit a 
weighted ( l ly)  least-squares nonlinear regression curve to the experi- 
mental points. Goodness of fit was estimated as r2 = 1 - (B deviation% 
observation2). 


A two-compartment open model without lag time [Ct = Ae-at t 


RESULTS AND DISCUSSION 


The described method was specific for the unchanged drug and 
quantitative to -0.15 ng/ml, and a detection limit of -0.05 ng/ml. A 
standard curve, consisting of 20 determinations from 0.2 to 5.0 ng/ml, 
gave a mean relative standard deviation of 7.8% (range 2.5-12.3%) and 
a coefficient of determination (r2) of 0.987. The regression of peak height 
ratio on concentration gave a slope of 0.483 ml/ng and an intercept of 
-0.004. 


Table I shows the results obtained in three volunteers. After the ap- 
plication of 16 mg of nitroglycerin over 25 cm2, the highest blood con- 
centrations were observed at  30 min, with values of 0.15-O.18 ng/ml, close 
to the quaniitation limit of the method, followed by a rapid decline to 
below the detection limits a t  90 min. Because of these low conoentrations, 
no meaningful area under the curve (AUC)  values could be calculated. 
When the same amount of ointment was applied to the same volunteers 
but over a 100-cm2 area, peak plasma concentrations occurred at  45 min 
and the decline was much slower. All concentrations were a t  least double 
the corresponding concentrations in the small area experiment. 


For certain drugs, percutaneous absorption is known to be influenced 
by occluding the skin. However, this does not appear to be the case with 
nitroglycerin (9). In addition, it seems unlikely that the differences in 
the vapor barrier characteristics of the wax-impregnated paper used in 
the small area experiment and the aluminum foil used in all subsequent 
experiments would account for the differences obtained. 


Table I1 shows the effect of dose on plasma nitroglycerin levels in one 
volunteer with the area held constant. The 16-mg dose over the 100-cm2 
area gave results very similar to those obtained for the three previous 
volunteers, although the relative absorption rate appeared to be margi- 
nally slower. With double the dose over the same surface area, absorption 
continued for a substantially longer time, as shown by the 3.5-fold in- 
crease in the 90-min blood concentration. However, the AUC (0-90 min) 
increased by only 7696, suggesting a nonlinear transfer process. 


Preliminary pharmacokinetic studies for one experiment (Table 11, 
16 mg) prolonged for 6.5 hr (Fig. 1) suggest a two-compartment open 
model, with a distribution phase ( a )  lasting for -2 hr and a terminal 


0.1 L 
I I 


0.0 2.00 4.00 6.00 
WUW 


Figure 1-Plasma profile of  nitroglycerin following ointment appli- 
cation with a 16-mg dose in  2% ointment spread over 100 cm? The solid 
line indicates least-squares nonlinear regression to a two-compartment 
open model without lag time (Ct = 28.1e194t + 0.197e-0086t - 
28.3e-I Goodness of  fit (r2) = 0.994. 


decay (p) with a half-life of 3.5 hr. Nitroglycerin elimination from the 
blood is known to be rapid, with a half-life of 4-8 min after sublingual 
administration (4). Therefore, the apparent long terminal half-life in the 
present experiment must be due to other processes, e.g., prolonged ab- 
sorption. 


These results agree well with those of Maier-Lenz et al. (4) who re- 
ported venous plasma concentrations between 0.4 and 0.7 ng/ml60 min 
after the application of 30.6 mg of nitroglycerin in a 2% ointment, but they 
differ from those reported by Armstrong et al. (5), who obtained -3 ng/ml 
after 0.27 mg of nitroglycerin/kg over 58 cm2. The differences may be 
attributed largely to experimental design since the latter workers mea- 
sured the concentration in arterial rather than venous blood and also 
examined percutaneus absorption in patients pretreated with intravenous 
nitroglycerin. 


While the results reported here are only preliminary, they illustrate 
the cardinal importance of the application method, especially surface 
area, in the pharmacokinetics and, possibly, clinical efficacy of nitro- 
glycerin ointments. These results indicate that the ointment should be 
carefully and consistently applied. 
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Abstract  Plasma concentration-time curves are described for the 
intravenous infusion and portal vein infusion of the quaternary ammo- 
nium compound thiazinamium methylsulfate to dogs. Comparison of 
areas under the curve indicate that hepatic first-pass elimination occurred 
on the order of 25-5070. 


Keyphrases 0 Thiazinamium methylsulfate-hepatic first-pass effect 
in dogs, plasma concentration-time curves N-Methylpromethazine 
methylsulfate-hepatic first-pass effect in dogs, plasma concentra- 
tion-time curves First-pass effect-thiazinamium methylsulfate, dogs, 
plasma concentration-time curves 


Numerous drugs representing several therapeutic 
groups and chemical classes have been reported to be 
subject to either intestinal first-pass effect or hepatic 
first-pass effect (1-4). However, no evidence could be ob- 
tained from the literature concerning this phenomenon for 
quaternary ammonium compounds. 


Recently, clinical pharmacokinetic studies on thia- 
zinamium methylsulfate (N-methylpromethazine meth- 
ylsulfate, I), a phenothiazine derivative containing a 
quaternary ammonium group, were reported (5-7). The 
drug has anticholinergic and antihistaminic properties and 
is used as a bronchodilator in patients suffering from 
generalized chronic obstructive lung diseases. 


Absorption of the drug after oral administration was low 
(-10% of the dose), and considerable inter- and intra- 
subject variations in bioavailability were found. Such 
variations are often explained by the hepatic first-pass 
effect (8). The extent of a hepatic first-pass effect is often 
related to hepatic clearance (9). Since I is cleared largely 
by the liver (lo), it was decided to investigate whether the 
hepatic first-pass effect also contributes to its incomplete 
bioavailability in the dog. 


EXPERIMENTAL 


Dogs (Table I) were anesthetized by intravenous injection of pento- 
barbital sodium (30 mg/kg). Anesthesia was maintained by inhalation 
of oxygen, nitrous oxide, and halothane'. Each dog was used in two ex- 
periments with an interval of -2 weeks. 


In the first experiment, a slow continuous infusion of thiazinamium 
methylsulfate2 (I) in sterile physiological salt solution was given in the 


I 


Tab le  I-Data fo r  the Four Dogs Used in the Experiment with 
Linear  Infusion of I in the Portal Vein 


Parameter Dog 268 Dog 343 Dog 367 Dog 515 


Breed Labrador Dalmatian Labrador Labrador 
Sex Female Male Female Male 
Weieht. kg 22 26 19 24 
Dosg, mghg/hr 1 1 1 1 
Fabsa, % 72.0 78.0 51.0 51.7 


Absolute bioavailability is expressed as a percentage of the dose. 


vena cephalica antebrachii sinister for 100 min by pump (20 ml/hr). The 
dose rate was 1 mg/kg/hr. During and after the infusion, blood samples 
(-6 ml) were taken from the vena saphena parva dexter by a permanent 
cannula3 a t  the time intervals indicated in Fig. 1. 


In the second experiment, the same procedure was repeated but the 
infusion was given in the vena porta (portal vein). The abdomen was 
opened, and a cannula was inserted via a side branch. 


Plasma concentrations were determined by ion-pair extraction, fol- 
lowed by GLC separation and alkali flame-ionization detection (11). 


The area under the plasma concentration-time curve (AUC) was 
measured by cutting and weighing'a standard high-quality paper. The 
absolute bioavailability was calculated by dividing the A UC after portal 
vein infusion by the AUC after the intravenous infusion and was ex- 
pressed as a percentage. 


The pharmacokinetic parameters were calculated using the NONLIN 
program (12). A three-compartment body model was used, with zero- 
order input in the central compartment and final elimination from this 
compartment. The initial estimates of the parameters were determined 
graphically. Examination of the plot of the weighted residuals against 
time indicated that a weighting factor of W = l/& resulted in the best 
fit. 


RESULTS AND DISCUSSION 


The hepatic elimination of thiazinamium methylsulfate (I) during the 
first passage through the liver was investigated by determining the ab- 
solute bioavailability obtained after infusion of a drug-containing solution 
in the portal vein. In this way, the intestinal first-pass effect and the 
observed irregular and incomplete absorption were avoided. After in- 
travenous infusion, plasma concentrations of -600 ng/ml were obtained. 
After the infusion was stopped, plasma concentrations fell steeply (Fig. 
1). The (t was estimated to be -1 min, and the (tl& was -510 min; 
(t1/2)-,, the elimination half-life, was -6-7 hr. These figures should be 
considered as estimations because of the very steep decrease in plasma 
concentrations immediately after the infusion was stopped and the very 
low concentrations during the final elimination phase. 


Studies in rats (10) indicated that the extremely rapid disappearance 
of the drug from the plasma was mainly due to both fast biliary elimi- 
nation of the unchanged drug (3.8% of the dose) and rapid biotransfor- 
mation to thiazinamium sulfoxide, which also can be excreted rapidly 
in the bile (16.1% of the dose). Two other metabolites also were excreted 
in bile (13.1 and 2.7% of the dose). 


A substantial part of the dose in humans also was excreted in the bile 
[16.6% unchanged and 6.9% as the sulfoxide (13)l. 


After infusion in the portal vein, the plasma concentration-time curve 
rose somewhat slower than in the intravenous infusion. In Dogs 343 and 
367, the plasma concentration-time curves reached a plateau level of 


Fluothane. 
Specia, RhBne Poulenc, Paris. Braunule, B. Braun, Melsungen, West Germany 


0022-354918 110800-0947$0 1.0010 
@ 798 7, American Pharmaceutical Association 


Journal of Pharmaceutical Sciences I g47 
Vol. 70, No. 8, August 1981 







600 - 
E 


2- 
0 


. 
0 7  


I- 2 400 
I- 
Z 
W 
0 
Z ou 
a 200 


5 
4 
n 


do3 260 


infusion 


600 
z 
-@ 
i 
0 
a 400 
I- 


U 
I- 
Z 
w 
V z 
8 


4 


a 200 
I 
v) 


n 


0 1 2 3 4 5 
HOURS 


dog 343 


0 1 2 3 4 5 6 
HOURS 


dog 367 


1 2 3 4 5 
HOURS 


dog 515 


0 1 2 3 4 5 6 
HOURS 


Figure 1-Plasma concentrations in dogs during and after the infusion (2 mglkglhr) of I .  Key: 0--, intravenous infusion; and 0- -, infusion in 
portal vein. 


-3WOO nglml. The phenomenon can be explained by assuming that 
a substantial part of the drug offered to the liver by portal blood flow is 
extracted by this organ before the drug can enter the general circula- 
tion. 


For Dogs 268 and 515, the curve was still going up a t  the end of the 
infusion time, suggesting that the biotransformation and/or elimination 
processes in the liver became saturated and were no longer able to remove 
the drug from the portal vein to the same extent as before. 


The calculated absolute bioavailability (F&) after infusion in the 
portal vein varied from 51.0 to 78.0% (mean 63.2 f 13.9 SD%), indicating 
a hepatic first-pass effect that removed 22.0-49.0% (mean 37.8 f 14.9 
SD%) of the dose before entering the general circulation. 


Oguma et al. (14) found that, when valethamate bromide or scopola- 
mine-N-butyl bromide (both quaternary ammonium compounds) was 
infused in the portal vein in the rat, biliary excretion was more pro- 
nounced than when infusion was given in a femoral vein. This result is 
an indirect indication of a hepatic first-pass effect. Gibaldi et al. (15) 
studied the metabolism of N,N-bis(phenylcarbamoylmethy1)dimeth- 
ylammonium chloride, a quaternized lidocaine derivative, after intra- 
venous and intraperitoneal administration and found that, during passage 
of drug through the liver after intraperitoneal administration, a fraction 
of the dose was irreversibly lost by metabolic conversion and subsequent 
biliary excretion (hepatic first-pass effect). 


The results of this study on I are comparable with the observations of 
Taylor et al. (16) on the tertiary analog promethazine in rabbits. They 
reported a systemic availability of 59 f 19% after promethazine injection 


into the portal vein. Although a different species is involved, the indi- 
cation is that both the tertiary and the quaternary compound can be 
subjected extensively to a hepatic first-pass effect. 


The results of the present study indicate that the low and variable 
bioavailability of an oral dose of I can be explained in part by an extensive 
hepatic first-pass effect. 
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Abstract A rapid and sensitive high-performance liquid chromato- 
graphic assay was developed for triamterene and 6-p-hydroxytriamterene 
in plasma. Plasma (0.5 ml), after addition of the internal standard, was 
extracted with 10 ml of etber-isopropanol(95:5). After thorough mixing 
and separation of phases, the organic layer was evaporated to dryness 
under nitrogen. The residue was reconstituted with 500 pl of mobile phase 
[acetonitrile-water-acetic acid (6039.5:0.5)], and 100 pl was injected into 
the chromatograph. Chromatographic separation was carried out on a 
Cl8 pBondapak column at  a flow rate of 1 ml/min. Detection of com- 
pounds in the column eluent was by UV absorption at  365 nm. The re- 
tention times for 6-p -hydroxytriamterene, triamterene, and the internal 
standard were 7.5, 9.0, and 12.0 min, respectively. The lower limit of 
detection for each compound was 20 ng/ml. Recoveries of triamterene 
and 6-p-hydroxytriamterene were 91-99 and 82-95%, respectively, over 
a 40-240-ng/ml range. 


Keyphrases 0 Triamterene-high-performance liquid chromatographic 
analysis, plasma p -Hydroxytriamterene-high-performance liquid 
chromatographic analysis, plasma 0 Diuretics-high-performance liquid 
chromatographic analysis of triamterene and p-hydroxytriamterene, 
plasma 0 High-performance liquid chromatographic analysis-triam- 
terene and p-hydroxytriamterene, plasma 


Triamterene, 2,4,7-triamino-6-phenylpteridine (I), is 
a natriuretic and a potassium-sparing diuretic. It is used 
mainly in combination with hydrochlorothiazide in the 
treatment of edema associated with congestive heart 


NH, 
I 


NHz 
I1 


kHz 
I11 


failure, cirrhosis of the liver, and the nephrotic syn- 
drome. 


BACKGROUND 


Studies of plasma and urine concentrations of triamterene and its 
major metabolite, 2,4,7-triamino-6-p-hydroxyphenylpteridine (111, in 
humans and animals have been performed either with nonspecific fluo- 
rescence methods or more specific methods that require time-consuming 
and involved separation procedures (1-5). The separation techniques 
utilized have included paper chromatography (4), TLC (5), and liquid- 
liquid extraction (2,6). One method (5) detected nanogram levels of the 
compounds, but the other methods lacked the sensitivity to measure 
nanogram concentrations of triamterene in plasma. A sensitive and 
specific assay is particularly desirable for study of triamterene pharma- 
cokinetics since concentrations of the metabolite may be 10-fold those 
of the parent compound 30 min following oral administration (2). 


Recently, two high-performance liquid chromatographic (HPLC) as- 
says for triamterene in plasma were reported. One method (7) involved 
extraction of triamterene as its perchlorate ion-pair and subsequent 
normal-phase HPLC utilizing a fluorescence detector. Triamterene 
concentrations as low as 2 ng/ml could be detected, although the inves- 
tigators did not employ an internal standard. The other method (8) in- 
volved extraction with ethyl acetate and subsequent reversed-phase 
HPLC with fluorescence detection; it had a sensitivity to 1 ng/ml. Neither 
research group attempted to quantitate metabolites. 


This article describes a rapid, sensitive, and selective assay for triam- 
terene and its major metabolite in plasma. The method involves a simple 
extraction of plasma with organic solvent and reversed-phase HPLC of 
the extract using UV detection. 


EXPERIMENTAL 


Reagents-Acetonitrile’ and methanol’ were chromatography grade. 
Anhydrous ether2, acetic acid2, and isopropano12 were spectranalytical 
grade. 


Equipment-A high-performance liquid chromatograph3 with a sy- 
ringe-loading sample injector4, a recorder5, and a variable-wavelength 


~ ~ ~ _ _ _ ~ ~  ~ ~ 


MCB Manufacturing Chemists Inc., Cincinnati, Ohio. 
Fisher Scientific Co., Fair Lawn, N.J. 
Tracor 950 chromatographic pump, Tracor Instruments, Austin, Tex. 


4 Model 7120, Rheodyne, Berkeley, Calif. 
5 OmniScribe, Houston Instruments, Austin, Tex. 
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lyophilized, or spray dried was examined by scanning electron microscopy 
(Fig. 4). All samples showed a platey structure, although it was most ev- 
ident in the lyophilized sample. The spray-dried sample showed spherical 
particles that are inherent to spray drying. However, the spheres were 
made up of thin plates. The air-dried samples formed scroll-like sheets 
due to the more rapid rate of water loss from the top surface during 
drying. Johansson (9), in proposing the A11304(OH)24(H20):$ complex, 
noted the formation of plate-like crystals during the study of a basic 
aluminum sulfate that was built up from the same kind of aluminum- 
oxygen complexes. It is suggested that the high uneven charge on the 
spherical units minimize contact with adjacent units so that a planar 
configuration provides the most favorable spatial and electrostatic ar- 
rangement. 
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Abstract 0 An automated high-pressure liquid chromatographic 
(HPLC) system compatible with any standard tablet dissolution appa- 
ratus was developed. This system allowed the individual drug concen- 
trations within a product to be determined simultaneously, even when 
the drugs had similar structures and UV spectra. This automated system 
permitted unattended sampling and concentration determination at 
predetermined time intervals. The dissolution medium was pumped 
continuously through a fixed-volume, microprocessor-controlled injector 
and returned to the USP rotating-basket dissolution apparatus. No 
corrections for the changing dissolution medium volume were necessary 
since each injection onto a reversed-phase HPLC column consumed just 
10 pl of medium. Dissolution tests were performed on three brands of 
trisulfapyrimidines tablets. Sample injections were made automatically 
at 5.1-min intervals for -2 hr. Dissolution profiles were determined for 
each drug in each product. Statistically significant differences were found 
in the mean concentration-time values between drugs within a drug 
product and between drug products. 


Keyphrases 0 High-pressure liquid chromatography-with automated 
dissolution testing of a combination drug product Dissolution-au- 
tomated high-pressure liquid chromatography, combination drug product 
0 Combination drugs-dissolution testing using automated high-pres- 
sure liquid chromatography Trisulfapyrimidines-combination drug 
product, dissolution testing using automated high-pressure liquid 
chromatography 


Automated procedures for dissolution testing of phar- 
maceuticals have been of interest since such procedures 
are labor saving and increase analytical reproducibility. 
These automated procedures usually involve pumping the 
dissolution medium directly through a flowcell mounted 
in a UV spectrophotometer (1-6). An inherent problem 
with such an arrangement is the lack of drug specificity. 
If two or more drugs in a drug product have similar UV 
spectra, this procedure is useless. 


In view of the number of combination products on the 
market, an automated technique is needed that allows each 


drug in a product to be quantitated individually during a 
dissolution run. 


BACKGROUND 


High-pressure liquid chromatography (HPLC) is a versatile analytical 
technique that combines the specificity of chromatography with the 
sensitivity of refractive index, UV, fluorescence, or electrochemical de- 
tection. Optimal retention times for the separation of active ingredients 
and dosage form excipients may be obtained by appropriately varying 
the mobile phase composition, pH, and/or flow rate. Changing the 
chromatographic temperature and utilization of gradient elution also are 
viable options. Other than filtration, aqueous samples require no special 
preparation prior to injection onto a reversed-phase HPLC column. 


While various components of an HPLC system have been used to 
automate drug analysis procedures (3,7) during dissolution, the actual 
chromatographic process has been included only in a manual (8) or 
semiautomated (7) procedure. 


This report describes a totally automated HPLC method that has been 
used successfully to characterize the dissolution profile of each drug entity 
in a trisulfapyrimidines USP tablet. Completely unattended dissolution 
analysis is possible using this technique. 


EXPERIMENTAL 


A USP rotating-basket dissolution apparatus, a dissolution stirrer 
drive’, and a water bath2 were used. The basket was rotated at 150 rpm, 
and the temperature of the dissolution medium (0.1 N HCl) was 37.0 f 
0.1O. A pump3 circulated the dissolution medium through a fixed-volume 
(1O-pl loop) microprocessor4-controlled injector5 and returned the me- 


1 Model 53, Hanson Research Corp., Northridge, CA 91234. 
2 Precision Scientific, Chicago, Ill. 
3 Milton Roy Mini-Pump, Laboratory Data Control, Riviera Beach, FL 


33404. 
Model 740 Control Module, Micromeritics, Norcross, GA 30093. (Depending 


on the interfacing procedure, the Micromeritics model 753 ternary solvent mixer 
ma also be required.) 


Model 735 with model 725 automatic injector valve, Micromeritics, Norcross, 
GA 30093. 
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Table I-Parameter Estimates for Individual Dissolution Runs 


Manu- 


turer" Drug 1 2 3 4 5 6 Mean SD 1 2 3 4 5 6 Mean SD 


Rate of Appearance of Drug in Solution ( K ) ,  min-' Asymptote of Drug Concentration (C,,,), mg/900 ml 
fac- Run Run Run Run Run Run Run Run Run Run Run Run 


A I 0.061 0.070 0.063 0.057 0.064 0.062 0.063 0.004 141.6 151.7 151.2 146.9 152.3 158.4 150.3 5.6 
II 0.109 0.108 o.iii 0.091 0.100 0.112 0.105 0.008 161.9 160.9 161.9 156.4 163.0 165.9 161.7 3.1 


111 0.181 0.143 0.164 0.130 0.147 0.150 0.152 0.018 164.0 164.6 163.4 156.2 162.9 167.3 163.1 3.7 
B I 0.038 0.042 0.042 0.045 0.056 0.052 0.046 0.007 158.3 158.1 152.3 147.6 150.6 161.9 154.8 5.4 


I1 0.067 0.062 0.065 0.067 0.080 0.076 0.070 0.007 171.2 165.0 168.0 165.7 166.3 177.0 168.9 4.5 
111 0.083 0.079 0.081 0.081 0.099 0.090 0.085 0.008 173.3 158.1 165.7 166.3 167.3 175.6 167.8 6.2 


C I 0.036 0.031 0.033 0.042 0.046 0.052 0.040 0.008 169.5 138.2 137.6 135.0 135.1 152.0 144.6 13.8 
11 0.067 0.044 0.048 0.062 0.064 0.075 0.060 0.012 163.5 164.7 166.8 164.5 159.6 167.8 164.5 2.9 


111 0.095 0.061 0.064 0.090 0.091 0.090 0.082 0.015 161.1 162.1 166.1 163.1 156.7 167.7 162.8 3.9 


Manufacturers, trade names, lot numbers, and expiration dates are as follows: A, Eli Lilly & Co., Neotrizine, 3FV36A, September 1, 1974; B, E. R. Squibb & Sons, 
Terfonyl, 8L238, July 1,1983; and C, Wyeth Laboratories, Sulfose, 1790577, January 1984. 


dium to the dissolution flask. All dissolution medium was filtered through 
a 2- lm low-pressure solvent filter as it entered the external circulation 
system. Only 1.05 ml of dissolution medium was external to the bulk (900 
ml) at any given moment, and the circulation rate was 2.25 ml/min. The 
time required for a sample of bulk dissolution medium to reach the in- 
jector loop was determined experimentally to be 0.3 min. 


Another pump6 delivered the mobile phase (180 ml of acetonitrile"420 
ml of 0.05 M sodium acetate8 buffer, pH adjusted to 5.7 with acetic acid) 
through the injector and onto a 25-cm long X 4-mm i.d. reversed-phases 
column at a flow rate of 1.50 ml/min. The chromatographic analysis was 
conducted at room temperature. The absorbance of the column effluent 
was measured'0 at 254 nm. Peak areas were integratedll automatically, 
and a recorderI2 was used to display chromatographic peaks (Scheme 
I). 


Dissolution testing of three brands (six runs each) of trisulfapyrimi- 
dines tablets USP (500 mg) was performed according to USP XX 
guidelines to demonstrate the utility of the system. Each tablet consisted 
of 167 mg each of sulfadiazine (I), sulfamerazine (II), and sulfamethazine 
(111). Sample injections were made automatically a t  5.1-min intervals for 
-2 hr. Dissolution profiles were determined for each drug in each drug 
product. Six dissolution runs at 100 rpm also were performed on one 
formulation to assess the impact of the basket rotation rate on the dis- 
solution profile. The dissolution medium and mobile phase (one batch 
each) were prepared in sufficient quantity for all runs. 


A standard curve for each drug was constructed by making four solu- 
tions ranging from 0.045 to 0.185 mg/ml. Each standard solution was 
placed in the resin flask of the dissolution apparatus, and the apparatus 
was assembled in the same manner as if a dissolution test were to be 


m +  
I 


x 


n ]  %- 1 
Scheme I-Schematic diagram of the  analytical system. Key: A ,  motor 
and control uni t  for basket rotation; B ,  USPdissolut ion flask and bas- 
ket; C ,  dissolution medium recirculation p u m p ;  D ,  sample injector; E ,  
microprocessor for injector control; F ,  mobile phase delivery p u m p ;  G ,  
mobile phase container; H ,  reversed-phase HPLC column; I ,  strip-chart 
recorder; J ,  peak integrator; K ,  UV detector; -, mobile phase; - - - -, 


dissolution medium; and  - - 1, electrical signal. 


Model 750 solvent delivery system, Micromeritics, Norcross. GA 30093. 
HPLC grade, Fisher Scientific Co., Fair Lawn, NJ 07410. 


8 Certified ACS, Fisher Scientific Co., Fair Lawn, NJ 07410. 
9 RP-18,lO-pm particle size, E. Merck, Darmstadt, West Germany. 
10 Model 790 UV detector, Micromeritics, Norcross, GA 30093. 
11 CDS-Ill,  Varian Instruments, Sunnyvale, CA 94086. 
l2 Fisher Recordall, Houston Instruments, Austin, Tex. 


conducted. When,the standard solution reached 37", solution circulation 
through the injector loop and basket rotation were initiated. Injections 
were controlled by the microprocessor, and the same injector loop was 
used as in the actual dissolution runs. 


The standard curves were linear and exhibited coefficients of deter- 
mination ( r2)  of 0.998 for I and I1 and 0.997 for 111. This excellent linearity 
allows single-point calibrations before each dissolution run to guard 
against changing detector response and column behavior. The Coefficients 
of variation at  each concentration were <2.0% for I and II and <2.7% for 
111. 


. 


RESULTS AND DISCUSSION 


Content uniformity tests were performed on each formulation ac- 
cording to USP XX guidelines (9). All products passed the specifications 
of 95.0-105.0% of the labeled amount of total sulfapyrimidines, with each 
drug providing not less than 31.5% nor greater than 35.0% of the total. 


Figure 1 illustrates the typical chromatographic output of one disso- 
lution run. The peaks (in the order shown) represent the amounts of I, 
11, and 111 present at a specific time. Machine integration (Experimental) 
yielded the area of each peak. Drug concentrations were determined from 
these integrated peak areas. 


The dissolution data for each drug present in each run were fitted 
to: 


C = CmXx(1 - e c K t )  (Es. 1) 
where C is the experimentally determined sulfa drug concentration at 
time t ,  C,, is the asymptote of the dissolution profile, and K is the rate 
constant for the appearance of drug in solution, as opposed to a rate 
constant for dissolution, since it includes the process of disintegration. 


A nonlinear least-squares regression analysis program13 was used for 
fits. All coefficients of determination ( r2 )  fell in the 0.972-0.998 range, 
with most 20.990. Parameter estimates ( K  and C,,,) appear in Table 
I. The rate constant K should be characteristic for a given drug in a 
particular formulation when evaluated by a specific dissolution testing 
procedure. The estimated rate constants presented in Table I indicate 
that this is the case. 


Concentration values at 30.0 and 60.0 min were generated from the 
parameter estimates for each drug within each run (Table 11). These times 
were chosen based on guidelines proposed by the Food and Drug Ad- 
ministration (lo), which suggested that 50% (83.5 mg/900 ml) and 80% 


0 10 20 30 40 50 60 70 80 90' 100 110 120 
MINUTES 


Figure 1-Typical chromatographic output of one dissolution run. T h e  
t ime  axis represents the  summation of t h e  dissolution t ime and the  
chromatographic time. T h e  molar absorptiuities of the  three compounds 
are not  equal in the  present experimental conditions. 


l 3  PROC NLIN, Statistical Analysis System, Raleigh, NC 27605. 
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Table 11-Drug Concentrations at 30 and 60 rnin Obtained with Parameters  in Table I 


Manu- Concentration a t  30 min, mg/900 ml Concentration at  60 min, mg/900 ml 
fac- Run Run Run Run Run Run Run Run Run Run Run Run 


turer Drug 1 2 3 4 5 6 Mean SD 1 2 3 4 5 6 Mean SD 


A I 118.8 132.8 128.3 120.2 129.8 133.6 127.2 6.3 137.9 149.4 147.8 142.0 149.0 154.5 146.8 5.9 
I1 155.7 154.7 156.2 146.2 154.9 160.1 154.6 5.1 161.6 160.7 161.7 155.7 162.6 165.7 161.3 3.2 


I11 163.2 162.3 162.2 153.1 160.9 165.5 161.2 4.2 164.0 164.6 163.4 156.2 162.8 167.3 163.0 3.7 
B I 106.9 112.8 109.6 109.7 122.5 127.9 114.9 9.3 141.6 145.1 140.3 137.9 145.4 154.7 144.2 5.9 


I1 148.1 139.6 144.1 143.2 151.4 159.0 147.6 6.9 168.1 161.1 164.6 162.6 165.0 175.1 166.1 5.0 
111 159.0 143.1 151.0 151.9 158.7 163.6 154.5 7.4 172.1 156.7 164.4 165.1 166.8 174.8 166.6 6.4 


C I 111.1 84.0 86.3 96.9 101.1 119.8 99.9 13.9 149.4 117.0 118.4 124.2 126.6 145.2 130.2 13.8 
I1 141.8 121.2 127.2 138.6 136.4 149.9 135.8 10.3 160.6 153.2 157.4 160.4 156.3 165.9 159.0 4.4 


I11 151.9 135.8 141.7 152.2 146.5 156.5 147.4 7.6 160.6 157.8 162.5 162.3 156.0 167.0 161.0 3.9 


Table 111-Results of Multiple Comparison Test for  30- and 60- 
min Mean Drug Concentrations a 


Product Ranking, Highest to Lowest 
Drug 30-min Concentrations 60-min Concentrations 


I A B C A B C 
I1 A B C B A C 


111 A B C B A C 


Products underlined by a common line did not differ significantly ( p  > 
0.05). 


Table IV-Dissolution Test Results of Formulation A at 100 and 
150 rpm a 


100 rpm 150 rpm 
Parameter Drug Mean SD Mean SD 


K ,  min-' I* 0.045 0.004 0.063 0.004 
11* 0.072 0.004 0.105 0.008 


III* 0.105 0.004 0.152 0.018 
C I I l l l X ,  I 146.9 5.0 150.3 5.6 


mg/900 ml I1 162.5 2.3 161.7 3.1 
I11 163.1 2.4 163.1 3.7 


30-min I* 108.2 8.0 127.2 6.3 
concentration, 11* 143.7 3.0 154.6 4.6 
mg/900 ml III** 156.1 2.7 161.2 4.2 


60-min I** 136.6 6.9 146.8 5.9 
concentration, I1 160.3 2.4 161.3 3.2 
mg/900 ml I11 162.8 2.4 163.0 3.7 


Results were analyzed for significance using an unpaired t test (a = 0.05); * = 
significant difference ( p  < 0.001), and ** = significant difference ( p  < 0.05). 


(133.6 mg/900 ml) of the drug should be in solution after 30 and 60 min, 
respectively. 


An analysis of variance1* was performed on both the 30- and 60-min 
data for each drug entity to  detect significant differences between for- 
mulations. When a significant difference was found, Tukey's critical 
difference (a = 0.05) was used to identify the mean values responsible 
(Table 111). 


Ranking the formulations with respect to the amount of drug in solu- 
tion at 30 and 60 min showed that Formulation C consistently exhibited 
lower levels. In all but one case, these levels were significantly lower than 
the formulation with the number one ranking and often were significantly 
lower than the second-ranked formulation. The predicted values of C,, 
for Formulation C were not significantly different from those of For- 
mulations A and B. 


Figures 2-4 illustrate the product performances. In these figures, all 
of the concentration-time data for each drug entity within each drug 
product were fitted simultaneously to Eq. 1. The mean concentration 
points and standard deviations are superimposed on the fitted curves. 


A comparison of the dissolution performance of Formulation A a t  
basket rotation rates of 100 and 150 rpm is presented in Table IV. It has 
long been recognized that the dissolution rate of a drug may be greatly 
influenced by the degree of agitation present in the dissolution flask. 
Carstensen et al. (11) stated that rotation speeds of <150 rpm in USP 
Apparatus I may result in solution nonhomogeneity. For this reason, a 
basket rotation rate of 150 rpm was chosen for most determinations in 
this study. 


l4 PROC ANOVA, Statistical Analysis System, Raleigh, NC 27605. 
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Figure %-Concentrations of drugs in solution versus time for Formu- 
lation A (average of six runs, basket rotation rate of 150 rprn). Standard 
deviations are superimposed on the plots. Key: A ,  I; 0, II; and 0 ,  
III .  


Figures 2 and 5 provide a visual comparison of the performance of 
Formulation A with basket rotation rates of 150 and 100 rpm, respec- 
tively. Although the rate constant for drug appearance in solution sig- 
nificantly increased with an increase in the basket rotation rate (Table 
IV), the predicted maximum concentration of drug in solution (Cm=) was 
independent of the rotation rate. 


As expected, i t  is possible for each active ingredient to have aunique 
dissolution rate (Tables 1-111). Significant differences in the dissolved 
amounts were found between active drug entities and between manu- 
facturers' formulations a t  both 30 and 60 min. Such differences neces- 
sitate the simultaneous determination of the dissolution profiles of each 
active component in a drug product. The typical automated dissolution 
apparatus, lacking the chromatographic procedure, can seldom accom- 
plish such an analysis. 


Although the system described was used with USP Apparatus I, USP 
Apparatus I1 or I11 can be employed equally well as long as the intake and 
outlet for the circulated dissolution medium are in the positions recom- 
mended by the USP. Since each injection consumes only 10 111 of disso- 
lution medium, there is no need for volume replacement nor calculational 
compensation for decreasing dissolution medium volume. The 0.3 min 
required for a sample of bulk dissolution medium to reach the injector 
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Figure 3-Concentrations of drugs in solution versus time for Formu- 
lation B (average of six runs, basket rotation rate of 150 rpm). Standard 
deviations are superimposed on the plots. Key: A ,  I; 0 ,  II; and 0 ,  
III .  
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MINUTES 


Figure 4-Concentrations of drugs in solution versus time for  Formu- 
lation C (average of six runs, basket rotation rate of 150 rpm). Standard 
deviations are superimposed on the plots. Key: A, I; 0, II; and 0 ,  
I I I .  


loop, while accounted for in the calculations, is actually insignificant if 
the dissolution time is in excess of 10 min. This rapid exchange of disso- 
lution medium is accomplished with a relatively slow flow rate, and this 
slow flow rate is advantageous since it does not provide dissolution me- 
dium agitation in excess of that provided by the rotating basket. The 2- 
pm low-pressure solvent filter a t  the inlet port prevented particulate 
matter from scoring the injection valve and also prevented solid partic- 
ulate buildup at  the head of the column. 


This system exhibits great flexibility for adaptation to the problems 
encountered with a particular product. Various drug and excipient en- 
tities can be accommodated by variations in the injection programming, 
the mobile phase composition, and pH and by gradient elution. Gradient 
elution is especially feasible in this system because it can be controlled 
by the same microprocessor that controls sample injections. No system 
is completely universal, however, and there are undoubtedly compound 
combinations for which adequate separations cannot be made with re- 
tention times short enough to allow injections a t  the intervals required 
by compendia1 specifications. The authors believe this latter case is rel- 
atively rare. 


The HPLC system used in the present study is of the component or 
modular type. Substitution of a fluorescence, electrochemical, or re- 
fractive index detector in place of the UV detector would be a simple 
matter. The fluorescence detector could be especially useful for com- 
pounds present in very low concentrations. Additionally, the micropro- 
cessor can he programmed to change detector sensitivity during the 
chromatographic procedure, thereby furthering the ability to accom- 
modate a drug product with widely varying concentrations of active in- 
gredients. 


After initial debugging, no reliability problems were encountered, and 
completely unattended dissolution testing was accomplished. Unattended 
testing is the ultimate aim of automation, and no method can be con- 
sidered to be truly automated without this capability. 


If the amount of drug dissolved from a dosage form need only be 
measured at  widely spaced time intervals or a t  the end of the dissolution 
test, this system would be adaptable to monitoring six dissolution flasks. 
Such monitoring could be accomplished by the use of a multichannel 
pump and a switching valve to direct the flow from the appropriate dis- 
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Figure 5-Concentrations of drugs in solution versus time for Formu- 
lation A (average of six rum, basket rotation rate of 100 rpm). Standard 
deviations are superimposed on the plots. Key: A, I; 0, II;  and 0 ,  
III. 


solution flask to the injector loop. This switching valve would also have 
to permit return flow from the injector loop to the flask being sampled. 
If measurements were to be made on the contents of each dissolution flask 
a t  specific times (such as 30 and 60 min), initiation of the dissolution 
processes in the six flasks would need to be staggered. 


The types of systems described readily lend themselves to computer 
interfacing. Such interfacing would mean that the operator’s only contact 
with the dissolution test would be lowering the basket into the dissolution 
medium and collecting the completed dissolution profiles. 
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that this thiophene derivative might be transformed from the pipera- 
zinedione product. 


To clarify the possible formation of I 1  from IVa or Va, the product 
mixture IVa and Va was heated in an alkaline phosphate solution. Several 
secondary degradation products were detectable on TLC, but none had 
the same It/ value as 11. The results suggest that product I 1  does not form 
uia IVa and V a  but ie directly formed from cefadroxil via a different 
pathway. 


Product 111 was difficult to isolate in amounts sufficient to characterize 
it; its formation was confirmed in neutral and basic degradation solutions 
of cefadroxil. 


A possible route to account for the observed formation of 11,111, IVa, 
and V a  is shown in Scheme IV. 


Temperature Dependency--Rate constants for the overall disap- 
pearance of cefadroxil were obtained from 35 to 60” at pH 7.00 and 11.50. 
The pH of the reaction solution was maintained constant by the use of 
a pH-stat. The Arrheniua plots are shown in Fig. 9. From these data, the 
apparent activation energies a t  pH 7.00 and 11.50 was determined to be 
21.4 and 23.8 kcal/mole, respectively. 


In aqueous solution at  pH 7.00 and 35O, cefadroxil degraded uia in- 
tramolecularly catalyzed reaction (kb reaction) to an extent of 83% and 
via a water-catalyzed 0-lactam opening (ko reaction) to an extent of 
17%. 


At pH 11.50, the hydroxide-ion catalyzed degradation proceeded ex- 
clusively, the contribution of the kb reaction being only 0.1%. The ap- 
parent activation energy of 23.8 kcaVmole at this alkaline pH may include 
the heat of ionization of water, 13.1 kcal/mole (13). The net activation 
enthalpy, AHz, of hydroxide-ion-catalyzed degradation of cefadroxil 
was calculated to be 10.5 kcal/mole at  35’. 


Comparative Stability Among Aminocephalosporins-Table I 1  
lists various rate constants defined by Eq. 10 for the degradation of 
cephaloglycin, cephalexin, and cephradine determined previously under 
the same kinetic conditions. It is apparent that the stability pattern of 
cefadroxil resembles that of cephalexin and cephradine over all pH re- 
gions. 


A comparison of the specific rate constants of ko, k b ,  and kOH for the 
four aminocephalosporins shows that the /?-lactam moiety of cephalo- 
glycin, which has an acetoxymethyl group in the C-3 position, is about 
four to five times more susceptible to attack of both water and hydroxide 


ion and eight to 18 times more reactive to intramolecular attack by the 
C-7 side-chain amino group than that of cephalosporins possessing a 
methyl group at  the C-3 position, i.e., cefadroxil, cephalexin, and 
cephradine. The difference in reactivity between cephaloglycin and the 
other three antibiotics may be ascribed to the difference in the inductive 
ability of their C-3 substituents and/or leavability of the C-3 moiety, as 
suggested previously for cephalosporin degradations (1,3,15-18). 


REFERENCES 


(1) T. Yamana and A. Tsuji, J.  Pharm. Sci., 65,1563 (1976). 
(2) T. Yamana, A. Tsuii, K. Kanavama, and 0. Nakano, J. Antibiot., 


27,1000 (1974). 
(3) H. Bundgaard, Arch. Pharm. Chemi. Sci. Ed., 4,25 (1976). 
(4) E. S. Rattie. D. E. Guttman. and L. J. Ravin, Arzneim.-Forsch.. 


28,944 (1978). . 
(5) A. I. Cohen, P. T. Funke, and M. S. Puar, J.  Pharm. Sci., 62,1559 


(1973). 
(6) H. Bundgaard, Arch. Pharm. Chemi Sci. Ed., 5,149 (1977). 
(7) A. Dinner, J. Med. Chem., 20,963 (1977). 
(8) R. E. Buck and K. E. Price, Antimicrob. Agents Chemother., 11, 


(9) K. Satake, T. Okuyama, M. Ohashi, and T. Shinoda, J. Biochem. 


(10) A. Albert and E. P. Serjeant, “The Determination of Ionization 


(11) M. A. Schwartz, A. P. Granatek, andF. H. Buckwalter, J. Pharm. 


(12) T. Yamana, A. Tsuji, E. Kiya, and E. Miyamoto, ibid., 66,861 


(13) H. S. Harned and W. J. Hamer, J. Am. Chem. Soc., 55, 2194 


(14) E. A. Guggenheim, Phil. Mag., 2,538 (1926). 
(15) R. B. Hermann, J. Antibiot., 26,223 (1973). 
(16) J. M. Indelicato, T. T. Norvilas, R. R. Pfeiffer, W. J. Wheeler, and 


(17) D. B. Boyd, R. B. Hermann, D. E. Presti, and M. M. Marsh, ibid., 


(18) H. Bundgaard, Arch. Pharm. Chemi. Sci. Ed., 3,94 (1975). 


324 (1977). 


(Tokyo), 47,654 (1960). 


Constants,” Chapman and Hall, London, England, 1971. 


Sci., 51,523 (1962). 


(1977). 


(1933). 


W. L. Wilham, J. Med. Chem., 17,523 (1974). 


18,408 (1975). 


Alterations in Integrity of Goldfish Membrane 
Induced by Edetate Disodium 


P. J. CASCELLA’, E. G. HUPPLER, 11, and J. D. JOHNSON 
Received October 20,1980, from the College of Pharmacy, South Dakota State Uniuersity, Brookings, SD 57007. 
March 5,1981. 


Accepted for publication 


Abstract D The effect of the chelating agent edetate disodium on the 
integrity of the goldfish membrane was examined. The time to produce 
death in goldfish exposed to secobarbital sodium was used as a reflection 
of membrane integrity. Although a minimum edetate disodium concen- 
tration was necessary to induce alterations in integrity, no direct rela- 
tionship between the effect and concentration of the chelating agent was 
evident. The chelating agent’s effect appeared to be an enhancement of 
the transport of the ionized drug form. The change in membrane integrity 
existed at least 24 hr after theoretical exposure to edetate disodium, but 
cyclic alterations in integrity could not be ruled out. The effect on in- 
tegrity was also demonstrated to be nonpermanent, and the apparent loss 
in integrity was partially restored by calcium but not by magnesium. 


Keyphrases a Permeability-effect of edetate disodium on goldfish 
membrane Edetate disodium-effect on membrane permeability, 
goldfish 0 Chelating agents-edetate disodium, effect on membrane 
permeability, goldfish 


Edetic acid is a chelating agent capable of changing 
transfer rates of certain substances across membrane 
barriers (1-4). It was reported (1) that the sodium salt of 


edetic acid was capable of enhancing the absorption of 
heparin and synthetic heparinoids from the GI tract of rats 
and dogs and that these results were consistent with an- 
other investigation (2) in the monkey, dog, cat, rabbit, and 
human. Feldman and Gibaldi (3) demonstrated that edetic 
acid was capable of affecting the transfer rate of salicylate, 
but not salicylamide, across the everted rat intestine. They 
concluded that edetic acid was capable of altering the 
barrier for water-soluble, but not lipid-soluble, compounds. 
It was also demonstrated (4) that the sodium salt of edetic 
acid was capable of increasing phenolsulfonphthalein 
absorption in rats. 


Although edetic acid is capable of changing the perme- 
ability of membranes to various compounds, the exact 
nature of the mechanism involved is unknown, Regardless 
of the mechanism, numerous studies have been performed 
to see if the effects of the chelating agent can be reversed. 
Windsor and Cronheim (1) found that the magnesium and 
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Table I-Effect of Recovery Time on Time of Death of Goldfish Exposed to  Edetate Disodium and 0.1 mM Secobarbital Sodium 
Solution 


Treatment Control 
Recovery Mean Time SD no Mean Time SD n Significance 


Zero 
30 min 
24 hr 
48 hr 


14.86 
15.19 
19.17 
21.80 


4.26 
2.78 
2.32 


10 
9 
8 


6.19 10 


26.93 
18.96 
24.63 
22.07 


5.20 8 p < 0.05 
4.60 9 NS 
4.09 8 p < 0.05 
4.73 8 NS 


72 hr 37.60 4.83 9 40.23 5.55 9 NS 


O R = number of fish. Not significant (p > 0.05). 


Table 11-Effect of Concentration of Edetate Disodium on Time of Death of Goldfish in 0.1 m M  Secobarbital Sodium Solution 


Control 
Concentration of Treatment Mean Time 


Edetate Disodium. Mean Time of of Death 
mdml Death, min SD no min SD n Significance 


0.05 
0.10 
0.15 
0.20 
0.25 
0.30 


26.29 
26.29 
19.51 
23.03 
15.19 
17.29 


~ 


4.36 
3.97 
2.84 
1.79 
1.10 
2.11 


10 
10 
10 
10 
7 
7 


25.72 
32.73 
26.32 
32.27 
19.80 
20.15 


4.10 
7.49 
2.62 
8.07 
4.76 
2.49 


9 
10 
10 
10 
8 
7 


NS 
p < 0.05 
p < 0.05 
p < 0.05 
p < 0.05 
D < 0.05 -. 


0.40 18.25 4.61 10 22.62 4.61 10 p < 0.05 


a n = number of fish. Not significant (p > 0.05). 


calcium salts of edetic acid were incapable of increasing 
absorption, and Tidball (4) reported that rinsing with 
magnesium salts fully restored normal permeability. It was 
also reported (3) that neither calcium nor magnesium was 
capable of restoring normal permeability of the rat intes- 
tinal membrane. 


A previous report (5)  presented preliminary findings of 
the effect of edetate disodium on the goldfish membrane. 
It was considered of interest to examine the effects of 
edetic acid on the goldfish since they have been used in a 
number of studies (6-9) for the assessment of absorption 
and toxicity of numerous compounds. Goldfish offer an 
advantage over other experimental animals in that they 
can be exposed to chelating agents for relatively long pe- 
riods of time. It also is reasonably easy to assess the effects 
on the membrane at  different times after exposure. This 
report is a followup of our preliminary findings. 


EXPERIMENTAL 


Recovery Time Studies-Goldfish (Carassius auratus), 1-3 g, were 
placed in groups of five in tanks containing 2 liters of edetate disodiuml 
(0.2 mg/ml). The solutions were made with glass-distilled2 water and were 
adjusted3 to pH 7.4 using 0.1 N NaOH or HCl. The fish were left in the 
solutions for 24 hr and then were placed for varying periods in recovery 
tanks containing 2 liters of glass-distilled water adjusted to pH 7.4. In- 
dividual fish were then placed into beakers containing 200 mtof 0.1 mM 
secobarbital sodium4 in a 0.05 M phosphate buffer, pH 7.4. Cessation of 
gill and mouth movements was noted, and the time to death was com- 
puted. 


Controls were run for each group following the procedure for the ede- 
tate disodium-treated fish, except that the cbelating agent was omitted 
from the treatment tank. 


All investigations were performed at  (20 i 2O). 
Concentration Studies-Five fish (1-3 g) were placed in tanks con- 


taining 2 liters of edetate disodium (varying concentrations) in glass- 
distilled water adjusted to pH 7.4 using 0.1 N NaOH or HC1. The fish 
were left in the tanks for 24 hr and then placed for 24 hr in a recovery tank 
containing 2 liters of glass-distilled water adjusted to pH 7.4. Individual 
fish were then placed in beakers containing 200 ml of 0.1 mM secobarbital 


1 Fisher Scientific Co., Fair Lawn, N.J. 
2 Corning Model AG-1B. 
3 Heath Model EU-302A. ' Robinson Laboratory, San Francisco, Calif. 


sodium in 0.05 M phosphate buffer, pH 7.4. Cessation of gill and mouth 
movements was noted, and the time to death was computed. 


Controls were run in the same manner as described previously. All 
experiments were performed at  20 f 2'. 


pH Study-Five fish (1-3 g) were placed in tanks containing 2 liters 
of 0.2 mg of edetate disodium/ml (adjusted to pH 7.4) in glass-distilled 
water for 24 hr. Individual fish were then immediately placed (zero re- 
covery) in beakers containing 200 ml of 0.1 m M  secobarbital sodium so- 
lution buffered to pH 6.4,7.4, or 8.4 with 0.05 M phoephate buffer. Again, 
time to death was calculated. 


Controls were run in the same manner as already described and all 
experiments were performed at  20 f 2O. 


Calcium and Magnesium Study-Five fish (1-3 g) were placed in 
tanks containing 2 liters of 0.2 mg of edetate disodium/ml (adjusted to 
pH 7.4) in glass-distilled wapr for 24 hr. Fish were then placed in recovery 
tanks for 24 hr. The recovery tanks contained either 2 liters of glass- 
distilled water or 2 liters of a 1 mM solution of calcium chloride or mag- 
nesium chloride. All tanks were adjusted to pH 7.4. After 24 hr, individual 
fish were placed in beakers containing 200 ml of a 0.1 mM secobarbital 
sodium solution buffered to pH 7.4 with 0.05 M phosphate buffer. Time 
to death was computed. 


Controls were run by placing fish in glass-distilled water for 48 hr 
(water was changed at  the end of 24 hr) and then placing individual fish 
in secobarbital solution as described. 


All experiments were performed at  20 i 2". 


RESULTS AND DISCUSSION 


The results of the recovery time study are summarized in Table I. As 
is evident from the control data, there appears to be a large amount of 
day-to-day variation in response. This is evident from the control segment 
of the table, since the controls are essentially the same procedure, one 
should expect similar results. However, the mean time of deaths, ranged 
from 18.96 to 40.23 min. 


Comparisons between the treated and control fish (which were per- 
formed at the same time) were made within each block of the table using 
a Student t test. A significant difference (p < 0.05) existed between the 
treated and control fish for the 0- and 24-hr recovery studies. There was 
no significant difference for the 30-min and 48- and 72-hr recovery 
studies. Although the reason for the lack of a significant difference at the 
30-min recovery study is unknown, it is consistent with previous results 
(5). If it is assumed that the amount of secobarbital necessary to produce 
death is the same between treated and control fish, then the significant 
difference for the 24-hr recovery study implies that alterations in mem- 
brane permeability induced by edetate disodium may exist for a sub- 
stantial time after theoretical exposure of the membrane to the chelating 
agent, a t  least in the described system. The effect of the chelating agent 
on membrane permeability is not permanent, however, as evident from 
the 48- and 72-hr recovery treatments. 
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Table 111-Difference between the Mean of Each Control and Individual Observations of Each Treatment 


C .- 
8 -  


wi u z 
UI 
U. 


: 5 -  


; 4 -  


: 3 -  
Z a 


Edetate Disodium Concentration, mg/ml 
Observation 0.10 0.15 0.20 0.25 0.30 0.40 


1 6.44 10.49 7.69 5.49 4.85 6.44 
2 -0.29 9.75 9.55 3.35 0.40 -3.18 
3 10.38 9.57 10.35 4.02 6.27 4.82 
4 9.51 7.47 11.10 3.85 1.59 6.14 
5 11.00 7.04 7.32 4.48 1.97 5.00 
6 3.68 5.22 11.97 6.62 3.57 5.42 


1.88 1.67 8.47 4.43 1.34 5.42 
4.85 3.10 6.70 - - 4.09 


7 


10.58 6.80 8.34 - - 3.49 
8 


10 5.11 6.97 10.87 - - 6.10 
9 


Mean 6.31 6.81 9.24 4.61 2.86 4.27 
SD 3.95 2.85 1.79 1.11 2.12 2.81 


Table IV-Effect of Calcium and Magnesium on Enhanced Permability Induced by Edetate Disodium 


Treatment" A 
Group Mean Time of Death nc SD 


Treatment* B 
Mean Time of Death n SD 


~~ - ~~ 


29.23 10 4.43 29.95 10 5.87 
1.45 


I 
I1 19.70 9 4.63 19.15 10 


111 19.63 10 3.76 23.24 10 4.06 


Group I11 contained a 1 mhf magnesium chloride solution. * Group 111 contained a 1 mM calcium chloride solution. n = number of flsh. 


The results of the concentration of edetate disodium on time of death 
study are listed in Table 11. A significant difference ( p  < 0.05) existed 
between each treatment and control, except for the lowest concentration 
of the chelating agent. To determine the effect of chelating agent con- 
centration on time of death, the effect of day-to-day variation should be 
eliminated since the studies were performed on different days. This 
correction was made for the data in which the treatments were signifi- 
cantly different from the controls, i.e., all but the lowest concentration 
of edetate disodium, by subtracting each individual observation of the 
treatments from the mean of each control performed at the same time 
as the treatment (Table 111). 


An analysis of variance for unequal data sets was performed on the 
differences for each concentration, and the result indicated a significant 
difference 0, < 0.05) between the means. The means were analyzed using 
the Newman-Keuls method with a harmonic mean of the sample size to 
compensate for unequal data sets. These results indicated a difference 
between the treatment concentrations of 0.10,0.15, and 0.20 mg/ml with 
the 0.30-mg/ml treatment. There was also a difference between the 
O.2-mg/ml concentration and the 0.25- and 0.40-mg/ml treatments. A plot 
of the mean differences versus concentration of treatment (Fig. 1) shows 
that despite significant differences between the treatments, no direct 
relationship between concentration of edetate disodium and effect was 
apparent. 


Experiments were also performed to determine if the effect of edetate 
disodium on membrane permeability could be reversed by exposing the 
fish to calcium or magnesium chloride solutions. In each experiment, the 
times of death of three groups of fish in secobarbital sodium were de- 
termined. The first group was the control, the second group was treated 
with edetate disodium and placed in a recovery tank for 24 hr, and the 
third group was exposed to the chelating agent and then placed in a re- 
covery tank containing calcium or magnesium chloride for 24 hr before 
being placed in the secobarbital sodium solution. All groups were studied 
at  the same time, and the results are summarized in Table IV. 


An analysis of variance was performed, and the results indicated a 
significant difference between the means for both studies. Analysis of 
the nieans using the Newman-Keuls method indicated that, in the 
magnesium chloride study, the control was significantly different from 
the edetate disodium group and the edetate disodium/magnesium 
chloride group. No difference existed between the edetate disodium and 
the edetate disodium/magnesium chloride group. Thus, i t  appears that 
magnesium is incapable of restoring membrane integrity under these 
experimental conditions. In the calcium chloride study, a significant 
difference (p < 0.05) existed between all three treatments. Thus, it ap- 
pears that calcium is able to restore, a t  least partially, the apparent loss 
of membrane integrity ifiduced by edetate disodium. 


In previous experiments (5) fish also were treated with edetate diso- 
dium and then exposed to secobarbital sodium buffered to varying pH 
values. While the treated fish seemed to fit the model proposed by Levy 
and Gucinski (10) for the absorption of secobarbital sodium, the controls 
did not. It was decided to repeat the pH study using a 24-hr treatment, 


zero recovery. The results of both studies are listed in Table V. Com- 
parisons were made within each block using a Student t test, and there 
was no significant difference between treatments and control a t  pH 6.4 
regardless of the treatment. In the 24-hr treatment, 30-min recovery, 
there was no significant difference at any pH. In the 24-hr treatment, zero 
recovery and the 24-hr treatment, 24-hr recovery, there were significant 
differences at  pH 7.4 and 8.4. 


Since secobarbital is a weak acid with a pKa of 7.9, it appears that the 
chelating agent changes membrane permeability to the ionized drug form 
since there was a significant difference between treated and control an- 
imals only at pH values (7.4 and 8.4) where the drug appreciably existed 
as the ionized form. The apparent increase in membrane permeability 
to the ionized drug form is not enough to compensate for the reduction 
in the absorption of the unionized form since the times to produce death 
increased with increasing buffer pH. Linear regression was performed 
on the reciprocal of the mean time of death versus the fraction of drug 
unionized for the 24-hr treatment zero recovery study and its controls. 


:t 7 


0 


0 


0 


0 
0 


0 


2l 1 


1 1 I I 
0.10 0.20 0.30 0.40 


1 
TREATMENT CONCENTRATION, mglml 


Figure 1-Plot of the mean differences versus concentration of the 
chelating agent treatments. 
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Table V-Effect of pH and Recovery Time on Time of Death of Goldfish Treated with Edetate Disodium and Exposed to 0.1 mM 
Secobarbital Sodium 


pH 6.4 pH 7.4 pH 8.4 
Mean Time Mean Time -Mean Time 
f SD, min n o  Significance f SD,  min n Significance f SD, min n Significance 


Treatment* 18.58 f 3.54 5 NS' 18.74 f 0.98 7 p <0.05 39.11 f 5.93 3 p < 0.05 
Controld 19.76 f 1.95 5 21.88 f 2.87 10 51.77 f 5.05 4 
Treatmente 14.88 f 0.99 10 NS 20.21 f 3.74 10 NS 52.29 f 9.70 10 NS 
Controif 13.49 i 2.51 10 23.89 f 5.80 10 62.30 f 16.93 10 
Treatments 18.73 f 5.92 10 NS 23.03 f 1.79 10 p < 0.05 58.83 f 17.31 10 p < 0.05 
Controlh 15.80 f 3.51 5 32.27 f 8.07 10 97.84 f 22.19 10 


~ ~~ 


n = number of fish. 24-hr treatment, zero recovery. c Not significant (p > 0.05). 24-hr blank, zero recovery. 24-hr treatment, 30-min recovery. f 24-hr blank, 
30-min recovery. 8 24-hr treatment, 24-hr recovery. 24-hr blank, 24-hr recovery. 


The predicted least-squares equations are, respectively: 


llt = 0.0413fu + 0.0170 ( r  = 0.9660) (Eq. la) 


and 


l h  = 0.04435, + 0.0093 ( r  = 0.9906) (Eq. l b )  


According to the Levy-Gucinski model (10) concerning the absorption 
of the ionized and unionized forms of drug in goldfish, a plot of reciprocal 
time of response ( l l t )  as a function of the fraction of drug unionized 
should be linear with a slope equal to &(K, - Ki) and an intercept equal 
to KbKi. 


l/t = &Ki + Kb(K,, - Ki)fu (Eq. 2) 


where Kb is a constant equal to the quotient of the secobarbital concen- 
tration to which the fish were exposed divided by the amount of barbi- 
turate in the fish at.death; Ki and K,, are the first-order rate constants 
for the ionized and unionized drug forms, respectively. Upon inspection 
of the data, two discrepancies appear. The controls fit the model rea- 
sonably well while the treated animals do so to a lesser degree. In both 
cases, however, curvature of a form representing an inverted exponential 
cannot be ruled out. The intercepts of both plots are also not significantly 
different ( p  > 0.05) from zero. Whether these discrepancies represent 
a breakdown of the model or assumptions of the model as specified by 
Levy and Gucinski or simply a large amount of statistical variation cannot 
be discerned at  this time. However, due to these discrepancies, the 
analysis as performed earlier (5), using the ratio of slope to intercept to 
evaluate the ratios of was not performed. Regardless of the model 


that characterizes the absorption of secobarbital sodium under these 
experimental conditions, it appears from Table V that edetate disodium 
changes membrane permeability to the ionized form of the drug and that 
the effect can be present 24 hr after theoretical exposure to the chelating 
agent. 
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Abstract The oral bioavailability of triamterene in rats was investi- 
gated after its administration as a suspension in lipid and aqueous ve- 
hicles in addition to a lactic acid solution. Triamterene is poorly soluble 
in both aqueous and lipid vehicles. A 1-ml oral dose volume showed that 
lipid vehicles may provide some enhancement of oral availability com- 
pared with aqueous suspensions. However, when the vehicle volume was 
reduced to a realistic dosage form volume for the rat, peanut oil and 
aqueous suspensions were indistinguishable from each other with respect 
to peak height, peak time, and overall bioavailability. For agiven vehicle 


The rate and extent of absorption of orally administered 
drugs are influenced by factors within the GI environment, 
such as the solubility and extent of drug ionization, gastric 


small vehicle volumes resulted in a better relative oral availability than 
did large vehicle volumes. 


Keyphrases Triamterene-poor solubility in lipid and aqueous ve- 
hicles Vehicle volume-small uersus large vehicle volumes in oral 
availability in rats 0 Oral bioavailability-parameters of triamterene 
administered as suspensions in lipid and aqueous vehicles and lactic acid 
solution 


emptying, intestinal motility, and stimulation of bile flow. 
The relative contribution of each factor to oral availability 
is often difficult to distinguish. The vehicle into which a 
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Abstract  0 The extent of warfarin and tolbutamide binding to plasma 
proteins was determined with and without pirprofen by an ultrafiltration 
procedure employing 14C-labeled drugs. Results from i n  uitro studies a t  
37O showed that the degree of binding amounted to 97.8% for warfarin 
and 95.6% for tolbutamide. The binding characteristics of these drugs 
were not altered when plasma containing either warfarin or tolbutamide 
a t  concentrations equivalent to those expected normally after therapeutic 
dosing were concomitantly spiked with therapeutic amounts of pirprofen. 
Consequently, potentiation resulting from drug displacement would not 
be anticipated in humans when pirprofen is administered along with 
warfarin or totbutamide. 


Keyphrases Pirprofen-effect on protein binding of warfarin and 
tolbutamide 0 Tolbutamide-protein binding in presence of pirprofen 


Warfarin-protein binding in presence of pirprofen 0 Binding, pro- 
tein-tolbutamide and warfarin 


Pirprofen, 3-chloro-4-( 2,5-dihydro- lH-pyrol- 1 -yl) - 
a-methyl benzeneacetic acid, is a new nonsteroidal anti- 
inflammatory agent which is well tolerated and highly ef- 
fective in the treatment of rheumatoid arthritis (1-3). 
Investigations in these laboratories showed that pirprofen 
is bound to plasma proteins to an extent greater than 
99.8%l. Concurrent salicylate administration causes a re- 
duction of plasma pirprofen concentrations of -31% in rats 
(4) and -38% in humans1. 


BACKGROUND 


It  has been well established that concomitant administration of two 
highly protein-bound drugs can lead to a displacement of one drug by 
the other when the two drugs compete for the same binding sites (5,6). 
Drug displacement results in the availability of more free or unbound 
drug, which, in turn, might lead to a change in the distribution and 
elimination of the affected drug (7, a). Certain nonsteroidal anti-in- 
flammatory drugs, such as phenylbutazone, when administered con- 
comitantly with warfarin cause total plasma warfarin concentrations to 
decrease by 50% while free drug increases to 65% (9). A study in rats 
showed that ibuprofen increased total clearance and the anticoagulant 
effect of warfarin (10); however, human serum containing ibuprofen 
showed only a 10% increase in free warfarin (11). Naproxen caused a 
partial displacement (14-17%) of warfarin (12). 


Since arthritics undergoing chronic pirprofen therapy also might re- 
ceive other drugs concomitantly, it was important to study the relation- 
ship between pirprofen concentrations and protein binding of drugs likely 
to be administered with pirprofen. The results of i n  vitro binding studies 
with warfarin and tolbutamide are discussed in this paper. 


EXPERIMENTAL 


Pooled hepwinized human plasma was obtained from healthy volun- 
teers and spiked with either [14C]warfarin2 (1 or 10 pg/ml) or [14C]tol- 
butamide3 (20,40,100, or 200 pg/ml) in the presence of pirprofen4 (0,25, 
50, 100, or 200 pg/ml). 


The spiked samples were allowed to equilibrate a t  room temperature 
for at least 1 hr. Plasma aliquots, 1 or 2 ml, of each sample were pipetted 


To be published. 
2 Specific activity of 49 mCi/mmole, Amersham, Chicago, Ill. 
3 Specific activity of 47.6 mCi/mmole, New England Nuclear, Boston, Mass. 


Ciba-Geigy Corp., Ardsley, N.Y. 


Table I-Percent Recovery of [L4C]Tolbutamide a n d  [ 14C]- 
Warfar in  from Filtration Cones 


Concentration, Determinations" Average 
Drug n d m l  1 2 3 4 f S D  


Warfarin 10.5b 92 92 91 92 9 2 f 0 . 5  
Tolbutamide i99.a' 9a 99 99 99 9 9 f o . 4  


a Room temperature (22 f 2'). Equivalent to the amount of free drug in a 
plasma sample containing 1 pg of warfariniml. c Equivalent to the amount of free 
drug in a plasma sample containing 4 pg of tolbutamide/ml. 


into membrane cones5, which had been soaked previously in distilled 
water for a minimum of 1 hr. These membranes were contained in conical 
supports6, which were placed inside centrifugation tubes7. T o  ensure a 
uniform filtration, the seam of the membrane cone was faced toward the 
rotating direction. A prerun centrifugations of 12 minutes (-1OOOXg) 
was necessary to eliminate the water content of the membrane. The ul- 
trafiltrate (-300 pl) was collected after a second centrifugation (7 min) 
a t  the same speed. Another group of samples was carried through the 
same procedure (equilibration and treatment of filter cones) a t  37 f 2O. 
The centrifugation at elevated temperature was accomplished by placing 
the centrifuge inside a large oven maintained a t  37 f 2'. 


Aliquots of 10-150 p1 of the spiked plasma samples and of the ultra- 
filtrate were mixed with 15 ml of scintillation cocktailg and assayed for 
carbon 14 by liquid scintillation spectrometry'O. Unbound warfarin and 
tolbutamide were expressed in percent and were obtained from the ratio 
of radioactivity measurements in the ultrafiltrate (unbound drug) to those 
in whole plasma (total drug). Means and standard deviations were ob- 
tained from four analyses. 


Recoveries of warfarin and tolbutamide from the filtration cones were 
determined prior to the binding studies. Two milliliters of a pH 7.4 buffer 
solution containing 199.8 ng of tolbutamide/ml or 10.5 ng of warfaridml 
was added to the filtration cones and carried through the described 
procedure. Aliquots of 400 p1 of the filtrate were then taken for radioac- 
tivity measurements. The data obtained from four replicate analyses 
(Table I) gave average recoveries of 99 f 0.4% for tolbutamide and 92 f 
0.5% for warfarin. 


RESULTS AND DISCUSSION 


Warfarin-The results of binding studies at 37O (Fig. 1) indicate that 
the amount of free or unbound warfarin was 2.2 f 0.15% (mean f SD) 
for drug levels of 1-10 Fg/ml. Conversely, 97.8% of the drug was bound 
to plasma protein. The data obtained at room temperature indicate about 
one-half as much unbound warfarin (1.1%). Yacobi and Levy (12) re- 
ported that 99.1% of the drug was bound to serum proteins for serum drug 
concentrations of 1.25 pg/ml. 


When the warfarin samples (37') were spiked with 50 pg/ml of pir- 
profen, a mean of 2.4 f 0.24% (SD)  was found; at  100 pg/ml, free warfarin 
averaged 2.3 f 0.06% (SD) .  For these concentrations, pirprofen did not 
significantly ( p  = 0.05) alter warfarin binding. Since peak plasma con- 
centrations of 2 3 4 4  pg/ml occur after chronic dosing with pirprofen (13) 
and since warfarin concentrations a t  steady state range from 1.6 to 4.1 
pg/ml(9,14), one would not expect warfarin to be displaced when ther- 
apeutic amounts of pirprofen are administered concomitantly with the 
anticoagulant. However, a t  pirprofen concentrations of 200 wg/ml or 
approximately four times the maximum levels found clinically, free 


CF-50, Amicon Corp., Lexington, Mass. 
CSIA, Amicon Corp., Lexington, Mass. 
CTI, Amicon Corp., Lexington, Mass. 
CT  1300, Adams Dynac, Raycomm Industries, Inc., Freehold, N.J. 
Scintisol, Isolab, Inc., Akron, Ohio. 
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Figure 1-Effect of pirprofen on the in vitroplasma binding of warfarin. 
Key: 0, room temperature; and m, 37". 


warfarin increased by 27 (room temperature) and 20% (37'). 
Tolbutamide-The extent of binding to plasma proteins was 95.6 f 


0.15% (mean f SD) at  37O for plasma tolbutamide levels between 40 and 
100 pg/ml (Fig. 2). Similar results were obtained at  room temperature 
for tolbutamide concentrations between 20 and 100 pg/ml. These values 
are comparable to those of Miller et al. (15), who reported 96.8 and 96.0% 
binding in young and old subjects, respectively, for plasma drug con- 
centrations of 100 pg/ml, and to those of Zilly et al. (16), who found 95% 
binding following a 20-min intravenous infusion of 1600 mg of tolbuta- 
mide. 


At 37O, no change in tolbutamide binding (95.6 f 0.17%; p = 0.05) was 
observed when plasma samples containing 40-100 pg of tolbutamide/ml 
were spiked with pirprofen a t  levels up to 50 pg/ml. An increase in free 
tolbutamide was noted, however, for higher tolbutamide concentrations. 
As observed in Fig. 2, free tolbutamide increased to 8.0 (room tempera- 
ture) and 9.9% (37O) for tolbutamide levels of 200 pg/ml. Although levels 
of this magnitude are not normally maintained after dosing with tolbu- 
tamide (17-19), the in uitro binding data suggest that binding sites were 
nearing saturation, resulting in greater availability of unbound drug. At 
these high concentrations, there is a suggestion that pirprofen can par- 
tially displace tolbutamide. The results (room temperature and 37') show 
that the addition of 50 pg of pirprofen/ml increased free tolbutamide to 
-11% of the total drug fraction. 


In conclusion, pirprofen did not alter the binding characteristics of 
tolbutamide or warfarin when these compounds were added to plasma 
(in oitro) a t  levels expected normally after therapeutic dosing. Conse- 
quently, a change in pharmacological response from warfarin or tolbu- 
tamide resulting from drug displacement would not be anticipated in 
humans when either of these compounds is administered concomitantly 
with pirprofon. 
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Figure 2-Effect of pirprofen on the in vitro plasma binding of tolbu- 
tamide. Key: 0, room temperature; and B, 3 7 O .  
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Abstract A rapid and sensitive high-performance liquid chromato- 
graphic assay was developed for triamterene and 6-p-hydroxytriamterene 
in plasma. Plasma (0.5 ml), after addition of the internal standard, was 
extracted with 10 ml of etber-isopropanol(95:5). After thorough mixing 
and separation of phases, the organic layer was evaporated to dryness 
under nitrogen. The residue was reconstituted with 500 pl of mobile phase 
[acetonitrile-water-acetic acid (6039.5:0.5)], and 100 pl was injected into 
the chromatograph. Chromatographic separation was carried out on a 
Cl8 pBondapak column at  a flow rate of 1 ml/min. Detection of com- 
pounds in the column eluent was by UV absorption at  365 nm. The re- 
tention times for 6-p -hydroxytriamterene, triamterene, and the internal 
standard were 7.5, 9.0, and 12.0 min, respectively. The lower limit of 
detection for each compound was 20 ng/ml. Recoveries of triamterene 
and 6-p-hydroxytriamterene were 91-99 and 82-95%, respectively, over 
a 40-240-ng/ml range. 


Keyphrases 0 Triamterene-high-performance liquid chromatographic 
analysis, plasma p -Hydroxytriamterene-high-performance liquid 
chromatographic analysis, plasma 0 Diuretics-high-performance liquid 
chromatographic analysis of triamterene and p-hydroxytriamterene, 
plasma 0 High-performance liquid chromatographic analysis-triam- 
terene and p-hydroxytriamterene, plasma 


Triamterene, 2,4,7-triamino-6-phenylpteridine (I), is 
a natriuretic and a potassium-sparing diuretic. It is used 
mainly in combination with hydrochlorothiazide in the 
treatment of edema associated with congestive heart 


NH, 
I 


NHz 
I1 


kHz 
I11 


failure, cirrhosis of the liver, and the nephrotic syn- 
drome. 


BACKGROUND 


Studies of plasma and urine concentrations of triamterene and its 
major metabolite, 2,4,7-triamino-6-p-hydroxyphenylpteridine (111, in 
humans and animals have been performed either with nonspecific fluo- 
rescence methods or more specific methods that require time-consuming 
and involved separation procedures (1-5). The separation techniques 
utilized have included paper chromatography (4), TLC (5), and liquid- 
liquid extraction (2,6). One method (5) detected nanogram levels of the 
compounds, but the other methods lacked the sensitivity to measure 
nanogram concentrations of triamterene in plasma. A sensitive and 
specific assay is particularly desirable for study of triamterene pharma- 
cokinetics since concentrations of the metabolite may be 10-fold those 
of the parent compound 30 min following oral administration (2). 


Recently, two high-performance liquid chromatographic (HPLC) as- 
says for triamterene in plasma were reported. One method (7) involved 
extraction of triamterene as its perchlorate ion-pair and subsequent 
normal-phase HPLC utilizing a fluorescence detector. Triamterene 
concentrations as low as 2 ng/ml could be detected, although the inves- 
tigators did not employ an internal standard. The other method (8) in- 
volved extraction with ethyl acetate and subsequent reversed-phase 
HPLC with fluorescence detection; it had a sensitivity to 1 ng/ml. Neither 
research group attempted to quantitate metabolites. 


This article describes a rapid, sensitive, and selective assay for triam- 
terene and its major metabolite in plasma. The method involves a simple 
extraction of plasma with organic solvent and reversed-phase HPLC of 
the extract using UV detection. 


EXPERIMENTAL 


Reagents-Acetonitrile’ and methanol’ were chromatography grade. 
Anhydrous ether2, acetic acid2, and isopropano12 were spectranalytical 
grade. 


Equipment-A high-performance liquid chromatograph3 with a sy- 
ringe-loading sample injector4, a recorder5, and a variable-wavelength 


~ ~ ~ _ _ _ ~ ~  ~ ~ 


MCB Manufacturing Chemists Inc., Cincinnati, Ohio. 
Fisher Scientific Co., Fair Lawn, N.J. 
Tracor 950 chromatographic pump, Tracor Instruments, Austin, Tex. 


4 Model 7120, Rheodyne, Berkeley, Calif. 
5 OmniScribe, Houston Instruments, Austin, Tex. 
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3 Table I-Reproducibility of HPLC Assay of Triamterene and p- 
Hydroxytriamterene in Plasma 


0 4 8 12 
MINUTES 


Figure 1-Chromatogram of the extract of 0.5 ml of plasma contuining 
100 ng/ml each of 6-p-hydroxytriamterene (1) and triamterene (2) and 
200 ng/ml of the internal standard (3). The extract was reconstituted 
with 500 p l  of mobile phase, and 100 pl was injected. 


UV detectors were used. Chromatography was done on a pBondapak CIS 
column7. 


Assay Standards-Stock methanol solutions of triamterenes (1 
mg/100 ml), 6-p-hydr~xytriamterene~ (1 mg/100 ml), and the internal 
standards, 4,7-diamino-2-dimethylamino-6-phenylpteridine (1 mg/100 
ml), were prepared and stored in light-resistant flasks to prevent pho- 
todecomposition. Plasma standards were prepared by adding appropriate 
amounts of methanol stock solutions to drug-free plasma to give final 
concentrations of 40-240 ng/ml of triamterene and 6-p-hydroxytriam- 
terene and 200 ng/ml of the internal standard. 


Extraction-To 0.5 ml of plasma in a silylated tube, 10 ml of anhy- 
drous ether-isopropanol(955) was added. The tube contents were mixed 
with gentle agitation in an aliquot mixerlo for 10 min and then centri- 
fuged" for 20 min at 1300Xg to separate the phases. The ether-iso- 
propanol layer (top layer) was transferred to a sample concentrator12 with 
a disposable Pasteur pipet and evaporated to dryness under nitrogen at  
ambient temperature. The dried extract was reconstituted with 500 p1 
of mobile phase, and 100 p1 was injected into the chromatograph. 


Chromatography-All chromatography was done at ambient tem- 
perature. The mobile phase was acetonitrile-distilled water-acetic acid 
(6039.50.5). Prior to use, the mobile phase was filtered through a 10-pm 
polypropylene filter13. The flow rate was set a t  1 ml/min, and the UV 
detector was set at 365 nm. The A,, values for triamterene, 6-p-hy- 
droxytriamterene, and 4,7-diamino-2-dimethylamino-6-phenylpteridine 
were 365,368, and 380 nm, respectively. The recorder was run at a chart 
speed of 0.635 cm/min. 


Quantitation-Peak height ratios of triamterene or 6-p-hydroxytri- 
amterene to the internal standard were obtained from the chromatograms 
and plotted against concentration or amount of drug to obtain calibration 
curves for each compound. 


RESULTS AND DISCUSSION 


6-p -Hydroxytriamterene, triamterene, and the internal standard were 
separated and eluted in -12 min; the retention times were 7.5,9.0, and 
12.0 min, respectively (Fig. 1). Extracts from blank plasma gave no in- 
terference from endogenous plasma components. 


6 Tracor 970, Tracor Instruments, Austin, Tex. 
7 Waters Associates, Milford, Mass. 
8 Smith Kline and French Laboratories, Philadelphia, Pa. 
9 Rohm & Haas, GmblH., Darmstadt, West Germany. 
10 Model 4651, Ames, Division of Miles Laboratories, Elkhart, Ind. 


Model TJ-6 centrifuge, Beckman Instruments, Palo Alto, Calif. 
12 Model SC/27R, Brinkmann Instruments, Westbury, N.Y. 


Gelman Filtration Products, Ann Arbor, Mich. 


Mean Peak 
Concentration, Mean Peak Height Ratio 


ndml Height Ratio Concentration RSD, 70 


40 
80 


120 
200 
240 


Triamterene (n = 5) 
0.1413 0.0035 6.44 
0.2914 0.0036 8.44 
0.4071 
0.6175 
0.8044 


0.0034 7.30 
0.0031 7.37 
0.0034 2.86 


6-p-Hydroxytriamterene (n = 4) 
40 0.0972 0.0024 18.88 
80 


120 
200 
240 


0.2124 
0.2902 
0.4539 
0.5895 


0.0026 5.84 
0.0024 4.56 
0.0023 7.45 
0.0025 5.45 


Standard curves for both triamterene and 6-p-hydroxytriamterene 
were linear over the 40-240-ng/ml range. At  least 20 ng/ml of each com- 
ponent could be detected when the dried plasma extract was reconsti- 
tuted with 100 pl of mobile phase and most of the extract was injected 
into the chromatograph. The least-squares linear regression curves did 
not go through the origin, but the mean y intercepts were not significantly 
different from zero (0.0099 for 6-p-hydroxytriamterene and 0.0235 for 
triamterene). Table I shows standard curve reproducibility for both tri- 
amterene and 6-p -hydroxytriamterene from analyses of plasma standards 
done on different days. By using the equations obtained from linear re- 
gression analyses of the data, triamterene and 6-p -hydroxytriamterene 
concentrations were calculated for each observed peak height ratio. The 
relative standard deviations were between 2 and 9% for both compounds 
with the exception of the metabolite at the 40-ng/ml level. 


Recoveries of triamterene and 6-p-hydroxytriamterene from plasma 
extractions were assessed by comparing the peak height ratios of spiked 
plasma extracts with those of standard methanol solutions. The recoveries 
ranged from 82 to 95% for the metabolite and from 91 to 99% for triam- 
terene over the concentration range studied. 
4,7-Diamino-2-dimethylamino-6-phenylpteridine was chosen as the 


internal standard because it exhibited similar chromatographic behavior 
to triamterene. It eluted near the triamterene peak but was completely 
separated from triamterene and 6-p-hydroxytriamterene. Its retention 
time did not add significantly to the total analysis time, and its recovery 
from plasma by extraction was quantitative. This internal standard 
probably would not be present in the plasma of patients treated with 
triamterene and will not alter assay specificity. 


The described HPLC procedure was developed to study triamterene 
and 6-p-hydroxytriamterene pharmacokinetics in dogs and humans. 
Unlike recently published procedures (7,8), this assay quantitates both 
triamterene and the metabolite after direct extraction of plasma samples 
with organic solvent. Its simplicity and the short assay time are advan- 
tageous in the analyses of the large number of samples often encountered 
in pharmacokinetic and bioavailability studies. The small plasma volume 
needed for analysis is also an important consideration in such studies. 
These factors, coupled with the sensitivity and selectivity of the proce- 
dure, should provide an excellent technique for the study of the phar- 
macokinetics of triamterene and 6-p-hydroxytriamterene. 


The assay described is not as sensitive as the recently published pro- 
cedures (7,8) since the UV absorption of the compounds is determined. 
An increase in sensitivity is expected by using fluorescence determination, 
and preliminary data suggest that the detection limit can be lowered to 
1 ng/ml for each compound should such sensitivity be required. 


Triamterene is often administered in combination with hydrochloro- 
thiazide and other antihypertensives. The potential interference of these 
drugs was not evaluated since the procedure was developed to study the 
pharmacokinetics of triamterene and 6-p-hydroxytriamterene in dogs 
and humans not on antihypertensive therapy. However, the monitored 
UV wavelength is in a region that precludes interferences from the 
thiazides and many other compounds in the unlikely event that com- 
pounds of such widely differing structures are not adequately separated 
in the system described. 
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Abstract 0 Three phenolic constituents of Magnolia grandiflora L. 
were shown to possess significant antimicrobial activity using an agar well 
diffusion assay. Magnolol, honokiol, and 3,5’-diallyl-2’-hydroxy-4-me- 
thoxybiphenyl exhibited significant activity against Gram-positive and 
acid-fast bacteria and fungi. The minimum inhibitory concentrations 
were determined for each compound using a twofold serial dilution 
assay. 


Keyphrases 0 Magnolia grandiflora L.-antimicrobial activity of 
phenolic constituents, agar well diffusion assay Magnolol-phenolic 
constituent of Magnolia grandiflora L., antimicrobial activity Ho- 
nokiol-phenolic constituent of Magnolia grandiflora L., antimicrobial 
activity 3,5’-Diallyl-2’-hydroxy-4-methoxybiphenyl-phenolic con- 
stituent of Magnolia grandiflora L., antimicrobial activity 0 Antimi- 
crobial activity-phenolic constituents of Magnolia grandiflora L., agar 
well diffusion assay 


The search for new antibiotics is no longer restricted 
primarily to microbial products. Recently, constituents of 
higher plants have exhibited significant antimicrobial 
activity (1-4). The isolation and identification of magnolol 
(I), honokiol (II), and 3,5’-diallyl-2’-hydroxy-4-methoxy- 
biphenyl (111) as phenolic constituents of the seeds of 
Magnolia grandiflora L. were reported (5). All three 
compounds have significant antifungal and antibacterial 
activity, and the details of this antimicrobial activity are 
described here. 


RESULTS AND DISCUSSION 


Magnolol (I), honokiol (II), and 3,5’-diallyl-2’-hydroxy-4-methoxy- 
biphenyl (111), phenolic constituents of M. grandiflora L. (51, showed 


I : R = H  
IV: R = CH, 


11: R ,  = R, = H 


V: R,  = R, = CH, 
111: R ,  = H, R, = CH, 


significant antimicrobial activity against Gram-positive bacteria, an 
acid-fast bacterium, and yeast-like and filamentous fungi. All three 
compounds were tested qualitatively for activity using an agar well dif- 
fusion assay (Table I). The corresponding dimethyl ethers, IV and V, 
showed no significant activity. 


Streptomycin sulfate and amphotericin B also were tested to serve as 
standards for comparison. All three compounds (1-111) had activity 
comparable to the standards under the same test conditions. 


The minimum inhibitory concentration (MIC) of each active com- 
pound was determined using a twofold serial dilution assay (Table 11). 
All three compounds apparently were considerably more active than 
amphotericin B against Trichophyton mentagrophytes but not as active 
against Candida albicans and Saccharomyces cerevisiae. Methylation 
of one phenolic group of I1 to give I11 resulted in the loss of activity against 
Aspergillus niger and C. albicans but not against other fungi or bacteria. 
In fact, 111 was somewhat more active against Staphylococcus aureus, 
Bacillus subtilis, and Mycobacterium smegmatis than the dihydroxy 
compounds I and 11. All three compounds possessed activity comparable 
to, or better than, streptomycin sulfate against B. subtilis, S. aureus, and 
M. smegmatis. Compounds 1-111 were also tested for activity against 
Gram-negative bacteria (Escherichia coli and Pseudomonas aeruginosa), 
but none showed any activity. 


EXPERIMENTAL 


Qualitative Antimicrobial Screening-All compounds were tested 
for activity against the following microorganisms: Bacillus subtilis 
(ATCC 6633), Staphylococcus aureus (ATCC 6538), Escherichia coli 
(ATCC 10536), Pseudomonas aeruginosa (ATCC 15442), Mycobacter- 
i u m  smegmatis (ATCC 607), Candida albicans (ATCC 102311, Sac- 
charomyces cereuisiae (ATCC 9763), Aspergillus niger (ATCC 16888), 
and Trichophyton mentagrophytes (ATCC 9972). Routine qualitative 
screening of compounds for antimicrobial activity was accomplished as 
previously described (1) except for the following modifications: plates 
for the assay were prepared by dispensing 25 ml of sterile agar medium 
into 100 X 15-mm sterile petri dishes; and using the quadrant streak 
method, the sterile agar plates were streaked with a dilution of the test 
organism (1 ml of broth culture in 9 ml of sterile water). 


Antimicrobial activity was recorded as the width (in millimeters) of 
the inhibition zone measured from the edge of the agar well to the edge 
of the inhibition zone. 


Quantitative Antimicrobial Assay-For compounds that showed 
significant activity in the qualitative screen, the MIC values were de- 
termined using the twofold serial dilution technique previously described 
(1). All compounds were initially tested using a concentration of 100 
pg/ml in the first tube. After preliminary evaluation to determine the 
range of the MIC value, the concentrations in the first tube were de- 
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Abstract The disappearance of various P-lactam antibiotics from in 
situ rat small intestinal loops was studied a t  pH 7.4. For monobasic 
penicillins, despite the wide variety of apparent partition coefficients in 
isobutyl alcohol-water, the disappearance from the jejunal loops was 
almost 30% ( f5% SD).  On the other hand, the disappearance of am- 
photeric derivatives of penicillins and cephalosporins having very low 
lipid solubility varied widely between 12  and 80%. The peak blood levels 
after intraduodenal administration to the rats correlated well with the 
extent of disappearance of amphoteric penicillins from the intestinal 
loops. Absorption studies utilizing in situ intestinal loops were performed 
at  variable dose ranges to yield a clear dose-dependent disappearance. 
It is suggested that certain carrier-mediated transport systems underlie 
the absorption mechanisms of amphoteric P-lactam antibiotics. 


Keyphras'es Aminopenicillins-intestinal absorption mechanism 
proposed, compared with monobasic penicillins, in situ rat intestinal 
loops 0 Aminocephalosporins-intestinal absorption mechanism pro- 
posed, compared with monobasic penicillins, in situ rat intestinal loops 


Absorption, intestinal-mechanism proposed for saturable transport 
of amphoteric amino-/3-lactam antibiotics, in situ rat intestinal loops 0 
Antibiotics, amino-p-lactam-compared with monobasic penicillins, 
intestinal absorption mechanism proposed, in situ rat intestinal Ioops 


Aminopenicillins, such as ampicillin, amoxicillin, and 
cyclacillin, and aminocephalosporins, such as cephalexin 
and cephradine, are acid stable and are absorbed after oral 
administration (1 ,2) .  Much interest has been focused on 
the mechanism of the GI absorption of these antibiotics. 


BACKGROUND 


Many studies on the GI absorption of /3-lactam antibiotics and their 
amino derivatives have been conducted to assess animal models (3,4) or 
to compare their bioavailability (1,5-7) rather than to elucidate the ab- 
sorption mechanism. Recently, Tsuji et al. (8) reported that the GI ab- 
sorption rates of monobasic penicillins in rats deviated significantly from 
the pH-partition hypothesis, and they explained this deviation on the 
basis of passive transport of the undissociated molecule through both 
the aqueous diffusion layer barrier adjacent to the GI membrane surface 
and the lipid barrier of the GI membrane. With the two-compartment 
diffusion mechanism, the structure-absorption rate relationship of this 
series of penicillins and cephalosporins, such as cephalothin and cefazolin, 
was established (9). 


However, the GI absorption of aminopenicillins and aminocephalo- 
sporins cannot be predicted from this mechanism whereby the antibiotics 
are absorbed from the GI tract by passive diffusion of the unionized 
species. Amino-P-lactam antibiotics must have a zwitterionic structure 
to be ionized completely and to exhibit very low lipid solubility under 
GI conditions. Possible mechanisms were proposed for the membrane 
permeability of amphoteric penicillins and cephalosporins (10-21), but 
the mechanism by which amino-&lactam antibiotics are absorbed is not 
clearly understood. 


The present investigation was undertaken to determine the difference 
in absorption characteristics between monobasic and amphoteric @-lac- 
tam antibiotics. The comparative absorption of aminopenicillins, in- 
cluding ampicillin, amoxicillin, cyclacillin, and epicillin, and of three 
aminocephalosporins, cephalexin, cephradine, and cefadroxil, was studied 
in rats by the in situ GI loop method. Several monobasic penicillins also 


were included for comparison. The in vitro physicochemical properties, 
including comparative aqueous stabilities, solubilities, and dissolution 
rates, of the amphoteric p-lactam antibiotics (22,23) as well as prelimi- 
nary observations on the intestinal absorption were reported previously 
(15, 16,21). 


EXPERIMENTAL 


Materials-Ampicillin anhydrate' (1015 pg/mg), amoxicillin trihy- 
drate2 (850 pg/mg), cyclacillin anhydrate' (983 pglmg), epicillin anhy- 
drate3 (pure powder), cepbalexin monohydrate4 (925 pglmg), cephradine 
monohydrate3 (952 pg/mg), and cefadroxil monohydrate5 (947 pg/mg) 
were used as supplied. The monobasic penicillins were the same as those 
employed previously (8). The standard solution of the penicilloic acids 
of ampicillin, amoxicillin, and epicillin was prepared according to  a re- 
ported procedure (24). 


All other chemicals were reagent grade and were utilized without fur- 
ther purification, except for imidazole which was purified by double re- 
crystallization from benzene followed by thorough washing with ether. 


Animals-Male albino Wistar rats, 200 f 25 g, were fasted for 20 hr 
prior to the experiment, but water was given freely. The rats were anes- 
thetized with urethan (1.5 g/kg ip) -1 hr prior to surgery. 


In Situ Experiments on Absorption from Ra t  GI Loops-Disap- 
pearance from Small Intestinal Loops-A midline incision was made 
to expose the small intestine, and the bile duct was ligated. The intestinal 
lumen was washed gently with 50 ml of pH 7.4 isotonic phosphate buffeP 
(25). Six milliliters of air was introduced to expel residual buffer and then 
was gently removed. In this experiment, two loops (each 5 cm long) were 
prepared by double ligation. The first loop was made 2 cm from the py- 
lorus, and 1 cm of intestine separated the consecutive loop in the duo- 
denum. For the study in the jejunum, the consecutive loops were prepared 
15 cm from the pylorus. A dose of antibiotic was dissolved in pH 7.4 iso- 
tonic phosphate buffer, and 1 ml was injected into each intestinal loop. 
All studies lasted 1 hr. 


At the end of the experiment, the remaining antibiotic solution was 
collected and the intestine was washed thoroughly with isotonic buffer. 
The solutions were combined to make up the desired volume. The sam- 
ples were analyzed after filtration with a 0.45-pm membrane filter7 to 
remove solid materials. 


Disappearance from Ligated Areas of Stomach, Small Intestine, and 
Large Intestine-The rat alimentary tract was divided into four portions 
to locate the specific area for the absorption of amino-p-lactam antibiotics 
as follows: stomach, upper small intestine (20-cm length below the py- 
lorus), lower small intestine (20-cm length above the ileum), and large 
intestine (10-cm length below the cecum). These regions were separated 
by ligation, and 2 mg of cyclacillin or cefadroxil in 1 ml was injected into 
each region. The drug was dissolved in pH 2.0 isotonic citrate buffer (25) 
or saline for the experiments in the stomach or intestinal regions, re- 
spectively. After 1 hr, the ligated GI segments were removed. Three rats 
were used. Other experimental procedures were the same as already de- 
scribed. 


Blood Level and Tissue Accumulation after Stomach and Intraduo- 


Takeda Chemical Industries, Osaka, Japan. 
Fujisawa Pharmaceutical Co., Osaka, Japan. 
Sankyo Co., Tokyo, Japan. * Shionogi Co., Osaka; Japan. 
Bristol Myers CO., Tokyo, Japan. 
The pH was measured with a PHM26 pH-meter, Radiometer, Copenhagen, 


Denmark. 
Sartorius-Membranefilter CmbH, Gottingen, West Germany. 
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Table I-Values for pKa, Apparent Parti t ion Coefficient in Isobutyl Alcohol-Water at pH 7.4, and Disappearance from Rat  Intestinal 
Loops 1 h r  af ter  Administration of Various &Lactam Antibiotics 


Partition 
Dissociation Coefficient in Disappearance from In  Situ Jejunal Loop, 


Constant Isobutyl Alcohol- Dose, % f S D  
Antibiotic PK1 PK2 Water mg/ml Upper Lower 


5 26.9 f 4.0 (3) 27.4 f 1.8 (3) Penicillin V 2.79" - 1.10" 
Phenethicillin 2.80" - 1.55" 5 37.9 f 4.0 (3) 33.8 f 1.0 (3) 
Propicillin 2.76" - 3.02" 5 30.9 f 5.5 (4) 32.5 f 0.6 (3) 
Oxacillin 2.73" - 1.78" 5 27.2 f 3.0 (5) 17.9 f 1.7 (3) 
Cloxacillin 2.78" - 2.40" 5 22.1 f 1.4 (4) 21.3 f 1.5 (4) 


5 28.9 f 3.7 (4) 29.9 f 1.2 (3) Dicloxacillin 2.76" - 4.07" 
Floxacillin 2.76" - 2.57" . 5  27.0 f 0.8 (3) 28.1 f 2.4 (3) 
Ampicillin 2.67" 6.95" 0.373 2 12.9 f 5.5 (4) 11.8 f 2.6 (4) 
Amoxicillin 2.67" 7.11" 0.130 2 19.7 f 1.4 (4) 17.0 f 2.9 (5) 
Cyclacillin 2.64" 7.18" 0.866 2 79.5 f 3.4 (4) 79.7 f 12.1 (5) 
Epicillin 2.77c 7.17' 0.438 2 21.2 f 6.9 (4) 20.8 f 4.9 (5) 


70.8 3 3.2 (4) Cefadroxil 2.70d 7.22d 0.0813 2 
Cephalexin 2.67" 6.96e 0.193 2 40.2 f 13.6 (4) 36.9 f 12.4 (4) 
Cephradine 2.63" 7.35e 0.268 2 55.4 f 6.5 (3) 52.0 f 12.5 (3) 


66.2 f 9.1 (4) 


Data at 37' and p = 0.5 from Refs. 22 and 30. * The experimental number is given in parentheses. Data at 35O and p = 0.5 from Ref. 22. Unpublished results at 
37' and p = 0.5 from this laboratory. Data at 37O and p = 0.5 from Ref. 23. 


denal Administration-Antibiotic solutions of ampicillin, amoxicillin, 
epicillin, and cyclacillin, prepared by dissolution in 1 ml of saline, were 
given to rats at  a dose of 10 mg/kg. A stomach tube was employed for 
administration into the stomach in rats whose pylorus was ligated. For 
intraduodenal administration, the drug solution was injected into the 
proximal duodenum in rats whose pylorus was ligated. 


To determine the amount of antibiotic absorbed, blood was taken from 
the jugular vein at  appropriate time intervals and assayed by a microbi- 
ological method and/or fluorometry after being hemolyzed with an 
equivalent volume of distilled water. 


The accumulation in the small intestinal tissue during the in situ ab- 
sorption experiments was examined for cyclacillin. After the 1-hr ex- 
periments, part of the whole intestine was isolated, tearing off the mes- 
entery, and the serosal surface then was blotted with filter paper. The 
intestine was cut into small slices and homogenized in a polytef homog- 
enizer with saline to give a 10% (w/v, wet weight) homogenate. An aliquot 
of the homogenates then was analyzed. 


Analysis of Loop Samples-The residual antibiotic and degradation 
product, the penicilloic acid, were assayed simultaneously by fluorometric 
determination for ampicillin and amoxicillin (26,27) and also for epicillin. 
The fluorescence intensity was measureds with reference to that of qui- 
nine sulfate prepared with 0.1 N HzSO4. The assay for ampicillin was 
applied to epicillin, but the emission and excitation wavelengths were 
changed to 440 and 330 nm, respectively. 


Aqueous mixtures of epicillin and its penicilloic acid in three propor- 
tions were analyzed, and the average recoveries were 106 f 3 (SD)% for 
the intact drug and 103 f 6% for the penicilloic acid. For cyclacillin, a 
spectrophotometric assay method (28) using imidazole mercuric chloride 
reagent was employed after acylation of the amino group with acetic 
anhydrate at  pH 9.0. The compositions of the reagents were as described 
for ampicillin (28,29). This method was employed only when the sample 
was diluted more than 25 times with the saline and in the concentration 
range of 15-80 pg/ml to prevent the influence of mucus and secretion 
products. The accuracy of this procedure was within 2% (n = 5). 


High-performance liquid chromatography (HPLC) was utilizedB for 
the determination of cephalexin, cephradine, cefadroxil, cyclacillin (only 
<10 pg/ml), and several monobasic penicillins. For the amino-p-lactam 
antibiotics, the carrier was 3-7% acetonitrile-0.01 M ammonium acetate, 
and the column was octadecylsilane chemically bonded on totally porous 
silica gel prepacked into a 4.0 X 300-mm1° or a 4.6 X 250-mm" stainless 
steel column. For cyclacillin, the carrier was 0.1 M phosphate buffer of 
pH 4.0-4.2, and the column was strong cation-exchange resin12 packed 
into a 4.6 X 500-mm stainless steel column. For the monobasic penicillins, 
the carrier was 0.02 M KH2P04 and the column was anion-exchange 
resin13 prepacked into a 2.1 X 500-mm stainless steel column. The de- 
tector was a UV ~pectrophotometer1~ set at  210 and 254 nm for the pen- 


icillins and cephalosporins, respectively. 
An aliquot (50-100 pl) of the appropriately diluted solution was in- 


jected uia a variable loop injector on flow, and the peak heights were 
measured. The calibration curves for the peak heights against the anti- 
biotic concentration were satisfactorily linear and were prepared daily. 
The accuracy of the HPLC analysis from many trials was within 3%. 


Analysis of Blood Samples-Fluorometric procedures (26,27) were 
utilized for ampicillin and amoxicillin. Cyclacillin, epicillin, and amoxi- 
cillin were assayed by the microbiological paper disk diffusion method 
employing Sartina lutea15 in the usual manner. Calculation of the pen- 
icillin concentration was made from the respective calibration curves 
prepared using pooled blood from control rats. The accuracies of the two 
analytical methods, i .e.,  fluorometry and microbiological assay, were 
within 5%. The analytical data obtained by the methods agreed with each 
other within the limits of experimental error when a sample of amoxicillin 
was tested. 


Analysis of Cyclacillin from Tissue Homogenates-The microbi- 
ological assay was employed, and the calibration curve was prepared using 
pooled 10% gut homogenates from control rats. 


Determination of Apparent Partition Coefficients-For the study 
on the distribution of amphoteric P-lactam antibiotics in isobutyl alco- 
hol-water, the aqueous phase was prepared to give a constant Na+ con- 
centration of 0.1 M using phosphate buffer for the reasons described 
previously (30). This buffer component was determined so as to maintain 
a constant ionic strength of 0.15 and a pH of 7.4. A 1 X M antibiotic 
solution was prepared with this solution. To minimize the volume ex- 
change due to mutual miscibility, the aqueous and organic phases were 
saturated previously with each solvent. 


Exactly 3-10 ml of each solution was transferred to a glass-stoppered 
flask and shaken for 2 hr to achieve complete equilibrium a t  37 f 0.1'. 
The two phases separated on standing for 1 hr, and the aqueous phase 
was centrifuged at  3000 rpm for 10 min. If necessary, after appropriate 
dilution with distilled water, the concentration in the aqueous phase was 
determined by HPLC. The apparent partition coefficient was calculated 
according to the equation described previously (30). 


RESULTS AND DISCUSSION 


The pKa values and apparent partition coefficients of the P-lactam 
antibiotics at  pH 7.4 in isobutyl alcohol-water are summarized in Table 
I. 


Disappearance of Various &Lactam Antibiotics from In Situ 
Intestinal Loops-Values for the percentage disappearance of various 
penicillins and cephalosporins during 1 hr are shown in Table I. 


Despite the fact that the seven monobasic penicillins grouped by 
Dhenoxv and isoxazole derivatives exhibit a wide variety of apparent 
partition coefficients in isobutyl alcohol-water, their disappearance from 
both the upper and lower jejunums was almost 30% ( f5% SD). Previous 
data concerning the rat in situ intestinal recirculating method demon- 


&Model FP-4 fluorescence spectrophotometer, Japan Spectroscopic co., Tokyo, 
.la"*" vyyy... 


9 Model FLC A-700, Japan Spectroscopic Co., Tokyo, Japan. 
lo pBondapak Cia, Waters Associates, Milford, Mass. 
11 Silica gel, SC-02, Japan Spectroscopic Co., Tokyo, Japan. 
12 Zipax SCX, DuPont Instruments, Wilmington, Del. 
13 Zipax AAX, DuPont Instruments, Wilmington, Del. 
14 Model UVIDEC-100, Japan Spectroscopic Co., Tokyo, Japan. 


strated (9) that-the intestinal absorption of ionized minobasic P-lactam 


IF0 12708, Institute for Fermentation, Osaka, Japan. The strain was derived 
from ATCC 9341. 


Journal of Pharmaceutical Sciences I 769 
Vol. 70, No. 7. July 1981 







A B C D 


Figure 1-Absorption of cyclacillin and cefadroxil from loops in the 
digestive tracts of rats. Key, closed columns, cyclacillin; open columns, 
cefadroxil; dotted column.s, cephalexin; A, stomach; B,  upper small 
intestine (20 cm below the pylorus); C ,  lower small intestine (20 cm above 
the ileocecum); and D, large intestine (10 cm below the cecum). The data 
for cephalexin are redrawnfrom Ref. 31. 


antibiotics followed apparent first-order kinetics with competing ap- 
parent first-order degradation to their p-lactam opening products. Be- 
tween pH 6.5 and 9, absorption and the accompanying degradation were 
almost insensitive to changes in the intestinal lumen pH and initial drug 
concentration and to the lipophilicity of the molecules (9). The present 
results are consistent with those findings, suggesting that the disap- 
pearance of monohasic penicillins from the rat  intestinal loops was en- 
tirely attributable to both absorption and degradation. 


On the other hand, the percentage disappearance of amphoteric de- 
rivatives having rather low lipophilicity varied widely, between 12 and 
80% during 1 hr at  a 2-mg/ml dose (Table I). The degradation products 
(penicilloic acids) from aminopenicillins were determined a t  the end of 
the absorption experiment to be 1.6,1.7, and 1.8% for ampicillin, amox- 
icillin, and epicillin, respectively. No detectable degradation products 
were observed with cyclacillin a t  this dose. The in uitro degradation of 
cephalexin, cephradine, and cefadroxil in the intestinal washings with 
isotonic phosphate buffer during 1 hr was 4.0,4.7, and 2.1%, respectively. 
These findings of slight degradation of amopboteric p-lactam antibiotics 
strongly indicate that the high percentage disappearances of cyclacillin 
(80%), cephalexin (40%), cephradine (50%), and cefadroxil(70%) essen- 
tially were attributed to intestinal membrane transport resulting in ac- 
cumulation by the gut tissue and/or transference into the vascular 
system. 


These results suggest that  some specialized transport mechanism may 
contribute to the absorption of zwitterionic antibiotics accompanying 
the simple diffusion transport (9) responsible in the absorption of ionized 
species of monobasic P-lactam antibiotics. 


Absorption and Tissue Accumulation of Cyclacillin and Cefa- 
droxil from Different Areas of R a t  Alimentary Tract and  Com- 
parative Blood Levels a f t e r  Intraduodenal Administration of Am- 
inopenicillins-Figure 1 compares the percentage disappearances of 
cyclacillin and cefadroxil during 1 hr from four areas of the rat GI tract 
after injection into the ligated loop. The highest disappearance occurred 
from the small intestine, with almost all of the cyclacillin and 33-66% of 
the cefadroxil doses disappearing from the lumen. However, only -10% 
of each dose disappeared from the stomach and large intestine. In a 
similar absorption study on cephalexin (redrawn in Fig. l ) ,  Maekawa et  
al. (31) demonstrated that the total disappearance during 1 hr from the 
stomach, upper small intestine, lower small intestine, and large intestine 
of rats was 1.0,56.2,15.6, and 2.4%, respectively. These data are compa- 
rable with the present results for cyclacillin and cefadroxil. The accu- 
mulation of cyclacillin in the intestine was negligible (3%) during the in 
situ absorption experimental period. 


Figure 2 shows the mean blood concentrations after intraduodenal 
administrations of aminopenicillins at  a dose of 10 mg/kg. The peak blood 
concentrations for ampicillin, amoxicillin, and epicillin appeared after 
1 br, but cyclacillin was observed in the bloodstream within 0.5 hr after 
administration. The rank order of blood levels after intraduodenal ad- 
ministration was: cyclacillin > amoxicillin > epicillin 2 ampicillin. The 


blood concentration of cyclacillin was far higher than the concentrations 
of the other penicillins ( p  < 0.01). 


Ampicillin demonstrated a significantly lower blood level than 
amoxicillin (p < 0.05). The peak serum concentration after a single oral 
dose with sufficient water in humans was in the order (5,6): cyclacillin 
> amoxicillin > ampicillin > epicillin, which is almost identical with that 
in rats. When the aminopenicillins were administered into the rat 
stomach, they were not detectable in the serum by microbiological assay, 
indicating that the aminopenicillins were scarcely absorbable from the 
stomach. The in uitro degradation of ampicillin, amoxicillin, epicillin, 
and cyclacillin after 1 hr a t  pH 2 and 35' was evaluated from the data of 
the degradation kinetics (22,32) to be 5.8,4.7,2.9, and 7.270, respectively. 
The  disappearance of cyclacillin from the stomach (Fig. 1) thus may be 
due to its acid degradation. The present results support the claim of Lode 
(33) that absorption of ampicillin and cephalexin in humans occurred 
in the small intestine and not the stomach. 


On this basis, the rat  represents a suitable experimental animal for 
elucidation of the absorption mechanism of amino-plactam antibiotics 
in humans. Previous observations (31,33) and the present results suggest 
that  there is a specific area in the alimentary tract of mammals for the 
absorption of amino-(3-lactam antibiotics. On the other hand, monobasic 
and lipophilic penicillins can be absorbed from both the stomach and 
small intestine below pH 6 (8,9). The difference in permeability between 
amphoteric derivatives and monohasic ones may be attributed to a dif- 
ference in the membrane transport mechanism. The latter types of 
p-lactam antibiotics may be absorbed by lipid membrane transport of 
the undissociated species through the barrier of the aqueous diffusion 
layer adjacent to the membrane surface (8,9). The amino-p-lactam an- 
tibiotics, having very low lipid solubility (Table I) and being completely 
ionized in all alimentary tract areas, are unlikely to be absorbed by this 
mechanism. 


Effect of Dose on  Absorption by In Situ Intestinal Loops-To 
examine the mechanism responsible for absorption of amino-p-lactam 
antibiotics in uiuo, the effect of the dose concentration on the percentage 
disappearance from the small intestinal lumen was investigated. If the 
percentage disappearance remains unaffected by the initial dose con- 
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Figure 2-Time courses of whole blood concentrations of aminopeni- 
cillins in rats after a 10-rnglkg dose in the duodenum. The mean levels 
and standard deviations (bars) for three animals are shown for 0.5,1.0, 
and  2.0 hr. Key: 0, ampicillin; @, amoricillin; 0, cyclacillin; and A, 
epicillin. 
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Table 11-Disappearance and Degradation Products of Aminopenicillins from Rat Intestinal Loops 1 hr after Administration 


Intes- 20 gg/ml 2 mg/ml 5 mg/ml 20 mg/ml, 
Anti- tinal Disappear- Product, 70 Disappear- Product, % Disappear- Product, Disappear- 
biotic Area ance, ?6 f SD f SD ance, % f S D  f SD ance, % f SD 70 f SD ance, 70 f SD 


Ampicillin l a  
2C 
3d 
4e 


Amoxicillin 1 
2 
3 
4 


2 
3 
4 


2 
3 
4 


Cyclacillin 1 


Epicillin 1 


9.0 f 3.2 (3)* 
5.8 f 4.7 (3) 


10.9 f 3.5 (4) 
8.4 f 6.2 (4) 


28.6 f 3.1 (4) 
18.3 f 2.1 (5) 
21.7 f 6.3 i5j 
19.6 f 6.6 (3) 


29.9 f 14.3 (4) 
14.0 f 9.4 (5) 
20.3 f 8.9 (5) 
24.7 f 12.3 (5) 


~ 


6.1 f 0.5 (3) 
4.3 f 0.5 (3) 
2.9 f 1.0 (4) 
2.8 f 1.1 (4) 
8.5 f 4.2 (4) 
4.7 f 2.0 (5) 
0.8 f 0.8 (5) 
0.5 f 0.9 (3) 


- 


3.5 f 3.1 (4) 
9.6 f 6.2 (5) 
1.6 f 1.7 (5) 
4.3 f 5.2 (5) 


~ ~~ 


7.3 f 1.3 (3) 4.6 f 2.5 (3) - - 
9.2 f 6.0 (3) 2.2 f 0.8 (3) - - 


11.2 f 5.2 (4) 1.7 f 0.9 (4) - - 
10.4 f 2.8 (4) 1.4 f 1.3 (4) - - 
12.1 f 0.8 (3) 3.9 f 2.8 (3) - - 
12.9 f 1.9 (4) 1.4 f 1.1 (4) - - 
18.8 f 1.2 (4) 2.3 f 1.0 (5) - - 
16.6 f 2.7 (5) 1.0 f 0.9 (5) - - 
79.5 f 8.0 (6) - 42.0 f 9.8 (4) - 
78.9 f 7.5 (5) - 48.9 f 5.3 (4) - 
79.5 f 3.4 (4) - 53.0 f 13.2 (4) 1.8 


22.1 f 5.0 (4) 2.6 f 1.5 (4) - - 
15.6 f 3.2 (5) 2.4 f 1.5 (5) - - 
19.1 f 7.3 (8) 1.8 f 1.8 (4) - - 
18.8 f 9.7 (8) 1.8 f 1.0 (4) - - 


79.7 f 12.1 ( 5 )  - 47.7 f 4.7 (4) 1.8 


18.9 f 5 . 3  (5) 
16.9 f 3.5 (4) 
20.2 f 5.6 (5) 
17.8 f 6.2 (5) 


__ 


(I Upper duodenum, 2 cm from the pylorus. * The experimental number is given in parentheses. Lower duodenum, with 1-cm separation from 1. Upper jejunum, 
15 ern from the pylorus. Lower jejunum, with 1-cm separation from 3. 


centration, then the apparent first-order absorption might proceed as 
observed previously (8,9) for monobasic p-lactam antibiotics. However, 
if this value is affected, the contribution of some specialized mechanism 
would he strongly suggested. 


Tables I1 and I11 show the percentages of total disappearance after 1 
hr in the four small intestinal segments of each 5-cm loop and a t  various 
dose concentrations. The degradation products (penicilloic acids) re- 
maining in the lumen also were determined for ampicillin, amoxicillin, 
and epicillin by fluorometric assay and for cyclacillin by HPLC. Small 
amounts of the degradation products of these four antibiotics were found 
(Tables I1 and 111). 


The percentage disappearance of amoxicillin, cyclacillin, cephalexin, 
cephradine, and cefadroxil depended remarkably on the initial dose 
concentrations. These dose dependencies revealed by their general pat- 
tern that the percentage disappearance a t  a low dose was extremely large 
while that a t  a high dose was markedly reduced. A similar phenomenon 
also was observed for epicillin, although the difference between the 
percentage disappearance a t  20 Fg/ml and that a t  2 mg/ml was not sta- 
tistically significant. Unfortunately, with our experimental system, it was 
difficult to detect saturation phenomena in the disappearance of ampi- 
cillin. However, after modification of our study, Shindo et al. (19) suc- 
cessfully demonstrated evidence for saturable absorption of ampicillin 
using an 8-cm long rat intestinal loop in situ. They found that the ab- 
sorption of ['4C]ampicillin, labeled a t  the phenylglycyl moiety, showed 
an apparent tendency for saturation a t  a dose above 3 mghoop, and the 
transference into the blood was marked in the upper and middle intestine. 
Absorption from limited parts also was observed with amoxicillin, 
cephalexin, and cefadroxil (Tables I1 and III), while cyclacillin and 
cephradine were absorbed from almost all parts of the intestine to the 
same extent. 


Such remarkable dose-dependent absorption and the existence of 
specific areas of absorption suggest that the absorption of amino-p-lactam 
antibiotics may follow the same forms of specialized and saturable 


transport mechanisms since the competing degradation of (3-lactam in 
the lumen solution is presumed to be small compared to the net absorp- 
tion based on the facts discussed elsewhere. 


Some investigators (10, 11, 13), using isolated rat gut, indicated the 
presence of an active transport mechanism of cephalexin and cyclacillin. 
Other studies (12,14), however, showed by a similar in uitro technique 
that the (3-lactam antibiotics, including cyclacillin (12), cephalexin (12), 
amoxicillin (14), and ampicillin (12,14), were not transported by an active 
transport mechanism. Miyazaki et al. (14) demonstrated that, in both 
in situ and in uitro studies using rat small intestinal segments, the greater 
binding of amoxicillin than of ampicillin to the mucosa provided a pos- 
sible explanation for the difference in body fluid concentration of these 
two drugs. 


A recent report (20) indicated that cephradine, hut not cephalexin and 
amoxicillin, was actively transported across the everted rat intestine. 
More recent findings clearly revealed that the absorption of amoxicillin 
(15, 171, cyclacillin (16, 17), cephalexin (21), and cephradine (21) from 
rat small intestinal perfusion solution was saturable. Kimura et al.  (17) 
concluded that amoxicillin may he transported by a facilitated diffusion 
mechanism and that cyclacillin may be transported in part by active 
transport. 


The present observations showing saturable absorption as a common 
phenomenon indicate that the same types of carrier-mediated transport 
mechanisms in the rat GI tract may underlie the absorption of amino- 
(3-lactam antibiotics. Such a carrier system may be localized only in the 
small intestinal area and not in the stomach since no absorption was 
found in the latter part of the alimentary tract. Based on the present data 
for cyclacillin and cefadroxil and previous data (31,33) for cephalexin, 
it is concluded that such a system is likely to make a small contribution 
in the large intestine. 


Therefore, i t  is conceivable that carrier-mediated absorption is a 
common mechanism for the intestinal absorption of amino-(3-lactam 
antibiotics, which are known to he effective uza the oral route. The ki- 


Table 111-Disappearance of Aminocephalosporins from Rat Intestinal Loops 1 hr after Administration 


Intestinal 
Antibiotic Area 


Cefadroxil 1 C  


2 e  
i f  
48 


2 
Cephalexin 1 


n 
J 
4 


2 
3 
4 


Cephradine 1 


Disappearance of Administered Dose, % f SD 
2 mg/ml 10 mgiml 20 mg/ml 


34.1 f 5.9 (5)d - 29.4 f 6.2 (4) 
64.6 f 7.4 (5) - 35.1 f 5.7 (4) 
66.2 f 9.1 (4) - 31.6 f 5.7 (3) 
70.8 f 3.2 (4) - 36.8 f 3.4 (3) 


21.3 f 6.4 (4) - 28.9 f 2.3 (3) 
40.2 f 13.6 (4) - 24.7 f 2.3 (3) 
36.9 f 12.4 (4) - 21.5 f 2.0 (4) 


25.5 f 5.4 (4) - 22.2 f 3.7 (3) 


47.7 f 0.5 (i) 
51.4 f 9.4 (4) 
55.4 f 6.5 (3) 
52.0 f 12.5 (3) 


21.2 f 4.4 (41 17.0 f 7.1 (31 
29.2 i 9.7 (3) 
26.8 f 1.4 (3) 
28.3 f 1.6 (3) 


17.3 f 2.3 i3j 
24.1 f 10.3 (3) 
22.3 f 7.8 (3) 


Statistical Significance 
of Difference 


( D ) n  (D)* 


- N S  
- <0.001 
- <0.01 
- <0.001 
- NS 
- NS 
- NS 
- <0.05 


<0.01 <0.01 
<0.05 <0.01 
<0.01 <0.02 
<0.05 <0.05 


Two-sample t test; disappearances of a 2- and lO-mg/ml dose. * Two-sample t test; disappearances of a 2- and 20-mg/rnl dose. Upper duodenum, 2 cm from the 
Lower duodenum, with 1-cm separation from 1. Upper jejunum, 15 cm from the pylorus. g Lower jejunum, pylorus. 


with 1-cm separation from 3. 
The experimental number is given in parentheses. 
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netics of the proposed carrier-mediated transport of amphoteric P-lactam 
antibiotics will be presented in subsequent papers. 
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Abstract The absorption ot cyclacillin at  pH 7.0 by the rat small in- 
testine was investigated using in situ perfusion. At the lowest dose of 95 
pg/ml, the antibiotic disappearance was rapid and followed first-order 
kinetics, with the disappearance being 85% a t  100 min. At the interme- 
diate concentrations of 770 and 1200 pg/ml, the disappearance after 100 
min was 69 and 54%, respectively, and semilogarithmic plots clearly 
showed convex curvatures. At the highest concentration of 30 mg/ml, 
cyclacillin disappeared slowly from the perfusate, in an apparent first- 
order fashion. The disappearence was 26% after 100 min of perfusion and 
was similar in extent at  5.2 mg/ml. This concentration-time profile was 
satisfactorily fitted to the simultaneous MichaelisMenten and first-order 
kinetic equations. The area under the blood concentration versus time 
curve (AUC) after a single intraduodenal dose of cyclacillin was almost 
consistent with the AUC after the equivalent intravenous dose (10 
mg/kg). Additional evidence from a pharmacokinetic analysis of 
steady-state blood concentrations after constant infusion of cyclacillin 
through the portal vein and the small intestinal lumen indicated that 


Previous in situ absorption studies (1-4) utilizing rat 
intestinal loops showed that the percentage disappearance 
of amino-p-lactam antibiotics, such as amoxicillin, cycla- 


cyclacillin absorption by the rat intestinal tissue a t  relatively low con- 
centrations (<1 mg/ml) followed solely Michaelis-Menten kinetics. 
Cyclacillin may be transported by certain types of carrier-mediated 
mechanisms. 


Keyphrases 0 Cyclacillin-intestinal absorption kinetics in situ, blood 
levels in rats after intravenous, intraportal, and intraduodenal admin- 
istration 0 Absorption kinetics-rat intestinal loops, blood cyclacillin 
levels after intravenous, intraportal, and intraduodenal administration 


Kinetics, absorption-blood cyclacillin levels after intravenous, in- 
traportal, and intraduodenal administration, in situ rat intestinal loops 


Antibiotics, amino-0-lactam-cyclacillin, in situ intestinal absorption 
kinetics, blood levels after intravenous, intraportal, and intraduodenal 
administration to  rats 0 Pharmacokinetics-cyclacillin, intestinal ab- 
sorption in situ, blood levels after intravenous, intraportal, and intra- 
duodenal administration to rats 


cillin, cephalexin, cephradine, and cefadroxil, was ex- 
tremely large a t  a low dose but was markedly reduced at 
a high dose. Accumulated results from the past 10 years 
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Table V-Effect of pH and Recovery Time on Time of Death of Goldfish Treated with Edetate Disodium and Exposed to 0.1 mM 
Secobarbital Sodium 


pH 6.4 pH 7.4 pH 8.4 
Mean Time Mean Time -Mean Time 
f SD, min n o  Significance f SD,  min n Significance f SD, min n Significance 


Treatment* 18.58 f 3.54 5 NS' 18.74 f 0.98 7 p <0.05 39.11 f 5.93 3 p < 0.05 
Controld 19.76 f 1.95 5 21.88 f 2.87 10 51.77 f 5.05 4 
Treatmente 14.88 f 0.99 10 NS 20.21 f 3.74 10 NS 52.29 f 9.70 10 NS 
Controif 13.49 i 2.51 10 23.89 f 5.80 10 62.30 f 16.93 10 
Treatments 18.73 f 5.92 10 NS 23.03 f 1.79 10 p < 0.05 58.83 f 17.31 10 p < 0.05 
Controlh 15.80 f 3.51 5 32.27 f 8.07 10 97.84 f 22.19 10 


~ ~~ 


n = number of fish. 24-hr treatment, zero recovery. c Not significant (p > 0.05). 24-hr blank, zero recovery. 24-hr treatment, 30-min recovery. f 24-hr blank, 
30-min recovery. 8 24-hr treatment, 24-hr recovery. 24-hr blank, 24-hr recovery. 


The predicted least-squares equations are, respectively: 


llt = 0.0413fu + 0.0170 ( r  = 0.9660) (Eq. la) 


and 


l h  = 0.04435, + 0.0093 ( r  = 0.9906) (Eq. l b )  


According to the Levy-Gucinski model (10) concerning the absorption 
of the ionized and unionized forms of drug in goldfish, a plot of reciprocal 
time of response ( l l t )  as a function of the fraction of drug unionized 
should be linear with a slope equal to &(K, - Ki) and an intercept equal 
to KbKi. 


l/t = &Ki + Kb(K,, - Ki)fu (Eq. 2) 


where Kb is a constant equal to the quotient of the secobarbital concen- 
tration to which the fish were exposed divided by the amount of barbi- 
turate in the fish at.death; Ki and K,, are the first-order rate constants 
for the ionized and unionized drug forms, respectively. Upon inspection 
of the data, two discrepancies appear. The controls fit the model rea- 
sonably well while the treated animals do so to a lesser degree. In both 
cases, however, curvature of a form representing an inverted exponential 
cannot be ruled out. The intercepts of both plots are also not significantly 
different ( p  > 0.05) from zero. Whether these discrepancies represent 
a breakdown of the model or assumptions of the model as specified by 
Levy and Gucinski or simply a large amount of statistical variation cannot 
be discerned at  this time. However, due to these discrepancies, the 
analysis as performed earlier (5), using the ratio of slope to intercept to 
evaluate the ratios of was not performed. Regardless of the model 


that characterizes the absorption of secobarbital sodium under these 
experimental conditions, it appears from Table V that edetate disodium 
changes membrane permeability to the ionized form of the drug and that 
the effect can be present 24 hr after theoretical exposure to the chelating 
agent. 
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Abstract The oral bioavailability of triamterene in rats was investi- 
gated after its administration as a suspension in lipid and aqueous ve- 
hicles in addition to a lactic acid solution. Triamterene is poorly soluble 
in both aqueous and lipid vehicles. A 1-ml oral dose volume showed that 
lipid vehicles may provide some enhancement of oral availability com- 
pared with aqueous suspensions. However, when the vehicle volume was 
reduced to a realistic dosage form volume for the rat, peanut oil and 
aqueous suspensions were indistinguishable from each other with respect 
to peak height, peak time, and overall bioavailability. For agiven vehicle 


The rate and extent of absorption of orally administered 
drugs are influenced by factors within the GI environment, 
such as the solubility and extent of drug ionization, gastric 


small vehicle volumes resulted in a better relative oral availability than 
did large vehicle volumes. 


Keyphrases Triamterene-poor solubility in lipid and aqueous ve- 
hicles Vehicle volume-small uersus large vehicle volumes in oral 
availability in rats 0 Oral bioavailability-parameters of triamterene 
administered as suspensions in lipid and aqueous vehicles and lactic acid 
solution 


emptying, intestinal motility, and stimulation of bile flow. 
The relative contribution of each factor to oral availability 
is often difficult to distinguish. The vehicle into which a 
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Table I-Mean Plasma Concentration (Nanograms per Milliliter) of Triamterene in Rats following an Oral Dose of 10 mg/kg in a 
1-ml Vehicle Volume 


Lactic Acid Aqueous Peanut Oil Oleic Acid Triolein 
Hours Solution Suspension Suspension Suspension Suspension 


0.5 
1.0 
1.5 
2.0 


196 (28) 
236 (29) 
350 (38) 
368 (52) 


257 (82) 
267 (106) 
174 (49) 
179 (54) 


178 (29) 
185 (11) 
338 (50) 
282 (52) 


65 (8) 
166 (60) 
152 (23) 
224 (61) 


141 (56) 
164 (53) 
220 (2) 
189 (50) 


2.5 371 (43) 123 (27) 294 (41) 162 (36j 130 i i7j 
3.0 448 (50) 114 (33) 231 (52) 144 (16) 102 (11) 
4.0 404 (87) 99 (28) 206 (39) 129 (13) 132 (24) 
5.0 351 (107) 61 (17) 202 (31) 138 (41) 140 (33) 
6.0 168 (62) 62 (14) 194 (31) 111 (24) 116 (30) 


69 (13) 12.0 127 (43) 51 (6) 104 (24) 
24.0 40 (2) 37 (15) 40 (1) 201 (50) 59 (14) 


202 (62) 


Mean of four rats. * Numbers in parentheses are the standard errors of the means. 


drug is incorporated and the vehicle volume administered 
may affect all of these factors in addition to any interac- 
tions the vehicle may have with the drug itself. 


BACKGROUND 


A traditional problem in oral drug delivery has been the relatively low 
bioavailability exhibited by many poorly water-soluble drugs. Consid- 
erable research has centered on the possible enhancement of the oral 
bioavailability of such drugs by their incorporation into various lipid 
vehicles. It is unclear whether lipid vehicles may affect oral bioavailability 
through some biochemical and/or physiological' effects, whether solu- 
bilization of the drug is the mechanism, or a combination of these factors 
is operative. 


Crounse (1) demonstrated an increase in griseofulvin bioavailability 
when administered with a high fat diet to humans. Griseofulvin bio- 
availability in rats also was enhanced when administered in various corn 
oil vehicles (2,3). Indoxole bioavailability was increased in both humans 
(4) and rats (5) when administered in lipid vehicles. Sulfisoxazole (6) and 
dicumarol(7) are other ekamples of drugs whose bioavailability is en- 
hanced in lipid vehicles. 


Grisafe and Hayton (8) concluded that triglycerides had the ability 
to enhance the oral absorption of griseofulvin due to the enhanced dis- 
solution and not directly to the lipid-induced increases in absorption. 
Solubilization of poorly water-soluble drugs as a method of improving 
oral bioavailability was confirmed by other investigators (9-11). 


Yamahira et al. (12-14) recently demonstrated that the volume of 
vehicle in which the drug is administered can influence the results ob- 
tained in oral bioavailability studies. It was concluded that many oral 
bioavailability studies, particularly those with rats, used unrealistically 
large vehicle volumes. Yamahira et al. (13) developed a reproducible 
method of administering very small vehicle volumes (2-20 pl) to rats to 
eliminate the physiological effects caused by large vehicle volumes. 


In the present study, the effects of various vehicles and vehicle volumes 
were correlated to the oral absorption of the poorly soluble, potassium- 
sparing diuretic, triamterene, in rats. 


EXPERIMENTAL 


Materials-Pure triamterene powder' was used to prepare all drug 
suspensions and solutions. Five drug vehicles were studied initially: water, 
peanut oil2, triolein3, lactic acid4, and oleic acid5. All solvents for chro- 
matography were high-performance liquid chromatographic (HPLC) 
grade6, and other reagents were analytical grade6. 


The suspensions used initially were at  concentrations of 4.0 mg/ml. 
Ten-milliliter aliquots were transferred to 15-ml screw-capped tubes and 
shaken for 30 min on a mixer7 with a modified shaker head. Five drops 
of surfactants were added to the aqueous suspensions. For the solution 
vehicle, triamterene was dissolved in an 8% lactic acid solution. In sub- 
sequent studies, peanut oil and aqueous suspensions were prepared as 


Smith Kline and French, Philadelphia, Pa. 
Planters, Standard Brands, New York, N.Y. 
Seventy-five percent practical grade, Sigma Chemicals, St. Louis, Mo. 


Purified, Fisher Scientific Co., kair Lawn, N.J. 
Fisher Scientific Co Fair Lawn, N.J. 
Vortex Genie, Scien'tific Industries, Bohemia, N.Y. 
Tween 85, ICI America, Wilmington, Del. 


' Eighty-five percent laboratory rade, Fisher Scientific Co., Fair Lawn, N.J. 


Table 11-Mean Peak Plasma Concentration, Mean Time of Peak 
Concentration, and Mean AUC in Rats following a n  Oral Dose 
of 10 mg/kg of Triamterene in a 1-ml Vehicle Volume 


9 


Mean Peak Mean Time 
of Peak Mean AUC, Plasma 


Concentration, Concentration, 0-24 hr, 
Vehicle ng/ml hr ng hr/ml 


Lactic acid solution 510 (55) 3.75 (0.48) 4184 (915) 
Aqueous suspension 286 (104) 0.62 (0.12) 1647 (288) 
Peanut oil suspension 348 (44) 2.50 (0.61) 3219 (43) 
Oleic acid suspension 266 (86) 2.50 (0.54) 4744 (842) 
Triolein suspension 249 (42) 2.62 (0.83) 2214 (294) 


a Means calculated frQm four individual experiments in four different rats in a 
balanced incomplete block design. 


described at a concentration of 45 mg/ml. The range of solubilities of 
triamterene in all vehicles (other than the lactic acid solutions) was 


Animal Studies-Initial studies evaluated five vehicles in a balanced 
incomplete block design. Ten rats were each randomly assigned to receive 
two of the formulations, and each formulation was tested in four rats. A 
1-week washout period was allowed before arat was used again. 


Male ratsg, 250-300 g, were fasted for 12 hr prior to dosing with 10 mg 
of triamterenekg, suspended or dissolved in the various vehicles. Im- 
mediately prior to dosing, suspensions were removed from the shaker and 
the appropriate dose was drawn into a tuberculin syringelo. The volume 
was adjusted to 1 ml with the requisite vehicle, and the syringe was shaken 
again. 


Lightly ether-anesthetized animals were dosed with a 76-mm intu- 
bation needle" attached to the tuberculin syringe. Blood samples were 
taken by tail clipping while the animals were restrained in plexiglass 
cages". Blood samples were obtained evey 0.5 hr for 3 hr; then every hour 
until 6 hr, and then at 12 and 24 hr. In later studies, a 9-hr sample was 
added. 


Whole blood (--350-p1 samples) was collected in heparinized caraway 
capillary tubes12, blown into 1.5-ml microcentrifuge tubed3, and spun 
for 3 mid4. Plasma aliquots (100 pl) were placed in 4-ml polypropylene 
tubesl5 with fitted caps. Plasma samples were frozen until analysis. 


Later studies compared peanut oil and aqueous suspensions admin- 
istered in a 20-pl volume in a complete crossover study in four rats. The 
washout period was 1 week. To administer the 2 0 4  volume, the proce- 
dure of Yamahira et al. (13) was adopted with some modifications. The 
suspensions were prepared at  concentrations of 45 mg/ml so that each 
rat received 0.9 mg in the 2 0 4  volume. The dosing system consisted of 
19-gauge flexible tubing with a luer-lock end16 sleeved with polyethylene 
tubing for rigidity. 


A 50-p1 syringe16 was used to draw the dose, and the tubing was cali- 
brated to double check the volume. Each dose was followed by a small 
volume of air injected through the tubing to ensure that no material re- 


10-4-10-5 M. 


~~ ~~ 


Sprague-Dawley, Madison, Wis. 
lo Monoject, Sherwood Medical Industries, Deland, Fla. 
'l Perfektum, Pop er and Sons, New Hyde Park, N.Y. 
l2 Dade Division, lmerican Hospital Supply, Miami, Fla. 
l3 Centaur Sciences, Stamford, Conn. 


l6 Elkay Products, Shrewsbury, Mass. 
l6 Hamilton Co., Reno, Nev. 


Eppendorf microcentrifuge, Brinkmann Instruments, Westbury, N.Y. 
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Table 111-Plasma Concentration of Triamterene following an 
Oral Dose of 0.9 mg to Rats in a 2O-fil Vehicle Volume in a 
Complete Crossover Study 


Hours Rat 1, ng/ml Rat 2, ng/ml Rat 3, ng/ml Rat 4, ng/ml 


Peanut Oil Suspension 
0.5 96 201 95 138 
1.0 202 248 152 154 
1.5 236 222 190 134 
2.0 281 276 289 148 
2.5 
3.0 
4.0 
5.0 
6.0 
9.0 


12.0 
24.0 


0.5 
1.0 
1.5 


284 
178 
124 
162 
90 
76 
76 
77 


213 
147 
201 


277 281 ~.~ 


212 188 
148 164 
99 168 
81 116 
54 72 
68 52 
45 65 


160 216 
252 314 
142 292 


Aqueous Suspension 


110 ~~ 


127 
136 
108 
161 
75 
60 
39 


167 
182 
233 


2.0 223 222 308 213 ~~~ _ _ _  _ _ ~  . . ~  ~~ 


2.5 149 222 244 191 
3.0 234 179 208 180 
4.0 200 194 118 228 
5.0 150 86 90 122 
6.0 136 218 80 84 
9.0 110 92 180 70 


12.0 72 96 52 68 
24.0 51 99 94 48 


mained on the inside. This dosing system was checked with the actual 
suspensions used and was found to provide reproducible doses within 
*lo%. 


Analytical Procedure-The analytical procedure was a modification 
of the method of Sved et al. (15). Plasma samples were thawed, 0.2 ml 
of perchloric acid was added, and the sample was mixed. Methyliso- 
butylketoneI7 (0.8-ml), which had been saturated with 1 M HClOa, was 
then added, and the sample was mixed again. Sample tubes were then 
capped and shaken for 20 min, samples were centrifuged for 10 min, and 
the methylisobutylketone layer was removed and refrigerated in glass 
vials. Standards were prepared by adding appropriate concentrations 
of triamterene to 100 pl of blank plasma and extracted in the same 
manner. This extraction procedure provided 4 0 %  recovery when com- 
pared to standards prepared directly in methylisobutylketone in a plasma 
concentratipn range of 10-850 ng/ml. 


HPLC18 was used to analyze the extracted plasma samples. Fifty- 
microliter injections were made onto the column'g, and the flow rate was 
2 ml/min. No attempts were made to quantitate metabolites. The system 
operated at  lo00 psi a t  a fluorometer setting of 335-nm excitation and 
470-nm emission. The mobile phase consisted of methylene chloride- 
hexane-methanol-perchloric acid (5535100.1). Concentrations were 
quantitated by comparing peak height to the standards developed for 
each set of samples. 


RESULTS 
In the first series of experiments, 10 mg of triamterene/kg was ad- 


ministered to rats in 1 ml of the following vehicles: solution in 8% lactic 
acid, aqueous suspension, oleic acid suspension, triolein suspension, and 
peanut oil suspension. Ten rats were randomly assigned to a balanced 
incomplete block design in which each rat received two formulations in 
trials separated by 1 week. Each formulation was administered four times 
to four different rats. 


Table I shows the mean plasma concentrations with associated stan- 
dard errorg for each formulation in the four rats at each sampling time. 
Table I1 shows the mean peak concentration, mean time of peak con- 
centration, and mean area under the plasma concentration-time curve 
(0-24 hr) computed by trapezoidal integration from the four individual 
experiments with each formulation20. 


l7 Mallinckrodt, Paris, Ky. 
The chromatographic system consisted of a 6000 A pump and U6K universal 


injector (Waters Associates, Milford, Mass.) coupled to an FS 970 fluorometer 
(Schoeffel Instrument Corp., Westwood, N.J.). 


l8 Lichrosorb Si-60-7 (250 X 4.6 mm), Chrompak, Whittier, Calif. 
20 Although the oleic acid suspension resulted in the largest AUC, this result is 


biased by the 12- and 24-hr time points in which plasma concentrations began to 
increase again. This observation is currently not explained and is being reevalu- 
ated. 


Table IV-Mean Peak Plasma Concentration, Mean Time of 
Peak Concentration, and Mean AUC in  Rats * following a n  Oral 
Dose of 0.9 mg of Triamterene in a 2 0 4  Vehicle Volume 


Mean Time 
Mean Peak of Peak 


Plasma Mean 
Concentration, Concentration, AUC, 


Plasma 


Vehicle ng/ml hr ng hr/ml 


Aqueous suspension 258 (19) 1.62 (0.47) 2560 (169) 
Peanut oil suspension 251 (32) 2.00 (0.35) 2162 (103) 


Means calculated from four individual experiments in four different rats in a 
complete crossover study; none of the means in any column are significantly dif- 
ferent (a = 0.05).. 


The data of Tables I and I1 show a trend with peanut oil suspensions 
toward higher plasma triamterene levels and an overall increase in the 
availability of triamterene when compared to the aqueous suspensions. 
These findings led to a further investigation of peanut oil as a potenthl 
vehicle for enhancing the oral availability of triamterene. A second series 
of experiments, in a complete crossover study, was conducted in which 
the peanut oil suspension was compared to aqueous suspensions in four 
rats, also at  a dose of 10 mg/kg in a 1-ml volume. The specific results of 
this study are not shown here; however, it confirmed the potential of 
peanut oil as a vehicle to enhance the oral availability of triamterene. 


The third series of experiments was conducted to evaluate the oral 
availability of triamterene using aqueous and peanut oil suspensions in 
a realistic dosage form vehicle volume. In this study, 20 pl of peanut oil 
or aqueous suspensions of triamterene containing 45 mg of drugfml were 
administered to four rats in a complete crossover design. Each rat received 
0.9 mg of triamterene in a 20-4 dose volume, which represents a realistic 
dosage form volume when scaled to the size of the rat (13). Table 111 shows 
the individual plasma triamterene levels measured in the four rats with 
both aqueous and peanut oil suspensions. Figure 1 shows a plot of the 
mean plasma level a t  each time point for both the aqueous and peanut 
oil suspensions, and Table IV shows the mean peak concentrations, time 
of peak concentration, and mean AUC (0-24 hr). 


DISCUSSION 


In the initial study with the 1-ml vehicle volume, the three lipid vehicles 
exhibited a trend toward a later peak time and maintained higher plasma 
levels for a longer time when compared to aqueous suspensions. With all 
formulations tested, a rather large intersubject variability was noted. This 
finding was consistent with what other investigators observed following 
triamterene administration (16). Such variability coupled with the small 
number of trials (four) performed with each vehicle made it difficult to 
evaluate statistical differences among the vehicles even though the trends 
were clear. Additionally, any differences among the lipid vehicles with 
respect to triamterene availability caqnot be explained on the basis of 
drug solubility in the vehicles. Even with oleic acid, which was the sus- 
pension vehicle in which triamterene was most soluble, <1% of the ad- 
ministered drug was in solution. 


The lactic acid solution clearly provided the highest plasma triam- 
terene levels of the vehicles evaluated with a 1-ml dosing volume. As 
previously noted, the oleic acid vehicle resulted in the largest AUC, al- 


I 


O f  4 
L 


1 2  5 4  5 6 9 12 24 
HOURS 


Figure 1-Mean plasma levels of triamterene in rats following oral 
administration of 0.9 mg in a 20-pl vehicle volume in a complete cross- 
over study. Key: O, peanut oil suspension; and ., aqueous suspension. 
Bars represent standard error of the mean. 
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though this result was biased by the 12- and 24-hr time points. Oleic acid 
was not investigated further in this study, although Noguchi et al. (17) 
concluded that oleic acid may be a useful vehicle to sustain the release 
of poorly water-soluble drugs, thus, prolonging their effects. 


In the last series of this study, the oral availability of triamterene was 
evaluated from peanut oil and aqueous suspensions in which the dosing 
volume was reduced to 20 pl. Peanut oil was selected for comparison with 
the aqueous vehicle based on results from the initial study. In that study, 
the peanut oil vehicle provided a similar peak plasma level as the aqueous 
suspension, although peak levels occurred somewhat later. The decline 
from peak levels was slower for peanut oil than for the aqueous suspen- 
sion, resulting in a larger overall AUC for peanut oil suspensions. Finally, 
the intersubject variability in the initial study was smallest with the 
peanut oil suspensions. It was thus concluded that peanut oil might be 
a promising vehicle for formulating triamterene and improving its oral 
availability. 


The results (Tables 111 and IV and Fig. 1) of the two-way crossover 
study, comparing peanut oil and aqueous suspensions of triamterene, 
did not confirm the initial optimism regarding peanut oil as a vehicle 
when administered in realistic dosage form vehicle volumes. A weighted 
unpaired t-test revealed no significant differences between the aqueous 
and peanut oil vehicles with respect to peak plasma concentration, peak 
time, or AUC (a = 0.05). These results suggest that any enhanced 
availability in the peanut oil vehicle, which was suggested by the initial 
study, may have been due to physiological effects on the GI tract caused 
by the relatively large vehicle volume used. Such effects appeared to be 
eliminated when the dosage form vehicle volumes were used. 


A further aspect of these studies is the comparison of the doses used 
in both the large and small volume experiments. In the 1-ml administered 
volume study, each rat received -2.5 mg of triamterene; in the 20-pl 
volume study, the administered dose was 4 . 9  mg. The t-test revealed 
that neither peak height nor peak time was significantly different between 
these two studies (a = 0.5). However, with the aqueous suspension, the 
AUC for the 20-4 dwe volumes was greater (p < 0.05) than with the 1-ml 
volume. With the peanut oil suspensions, the AUC for the 2 0 4  dose 
volume was significantly less than with the 1-ml volume (p < 0.001) but, 
in absolute terms, was reduced by one-third compared with the dosage 
reduction of a factor of -3. Clearly, the larger dose volumes for both 
peanut oil and aqueous suspensions adversely affected the oral avail- 
ability of triamterene. The precise mechanism of this effect is unex- 
plained, although it is probably due to some alteration of physiological 
processes within the GI tract caused by the large vehicle volumes. 


The results indicated that the methdology used to evaluate the effects 
of various vehicles on the GI absorption of drugs must be carefully con- 
sidered. The results of in situ perfusion studies and those employing large 
vehicle volumes may not be directly applicable to an actual dosage form. 
With triamterene, a drug poorly soluble in both aqueous and lipid vehi- 


cles, a large volume of lipid vehicle may provide some enhancement 
of oral availability when compared to aqueous vehicles. At least with 
peanut oil, however, when the vehicle volume is reduced to a realiitic 
dosage form volume, the potential advantage is lost. Furthermore, small 
vehicle volumes result in better relative oral availability for triamterene 
than do large vehicle volumes. Such a finding might be considered with 
regard to the administration of triamterene in conjunction with some 
foods. 
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Abstract The role of the granulation moisture content on compression 
properties of granules made with selected binders was studied. The results 
suggested that, at lower pressures, higher moisture-containing granules 
were slightly more compressible than lower moisture-containing granules. 
However, a t  higher pressures, the reverse was true because of the water 
lubrication effect. A t  lower moisture levels, the crushing strength of the 
tablets was dependent on the binder; a t  higher moisture levels, binder 


differences became less significant. 


Keyphrases 0 Compression-effect of moisture content on granulations 
made with various binders Granulations-effect of moisture content 
on compression properties, various binders 0 Binders-various, effect 
of moisture content on compression properties of granulations 


The compression behavior of four pharmaceutical 
powders of widely different particle-size distribution and 


shape was reported previously (1). It  was shown that the 
Heckel (2) and Cooper-Eaton (3) equations can be used 
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COMMUNlCA TIONS - 


Importance of Radiochemical Purity of 
Radiolabeled Drugs Used for 
Determining Plasma Protein Binding of Drugs 
~~~ 


Keyphrases 0 Binding, plasma protein-effect of radiochemical im- 
purity of radiolabeled drugs 0 Drugs, radiolabeled-effect of radio- 
chemical impurity on determination of plasma protein binding of drugs 
0 Impurity, radiochemical-of radiolabeled drugs, effect on determi- 
nation of plasma protein binding of drugs 


To the Editor: 
Plasma protein binding of drugs has been the subject of 


intensive study for many years. I t  is an important phar- 
macological parameter, since it frequently affects drug 
distribution and elimination (1-3) and duration and in- 
tensity of pharmacological effects of drugs (4-6). A number 
of factors are known to affect the determination of drug 
protein binding, including the use of vacuum container1 
blood collection tubes (7,8), some polyvinyl intravenous 
tubing (7, 9), and the administration of heparin (used 
therapeutically or as heparin lock) (9, 10). All of these 
factors result in diminished drug binding. An additional 
factor that has not received sufficient attention, although 
it has been stressed (ll), is the importance of radiochem- 
ical purity of the radiolabeled drugs used in the determi- 
nation of drug protein binding. 


Equilibrium dialysis has become the most commonly 
used method for determining drug protein binding in 
clinical pharmacokinetic studies. Tracer amounts of ra- 
diolabeled drugs are added on either side of the dialysis 
membrane, usually on the buffer side. After dialysis has 
reached equilibrium, the unbound or free fraction of the 
drug (ff) is usually calculated as the ratio of the radioac- 
tivity determined in the buffer phase to that determined 
in the plasma phase, correcting for volume differences, if 
any, between the two phases subjected to liquid scintilla- 
tion counting, as follows: 


where RB and Rp represent the radioactivities determined 
in the buffer and plasma phases, respectively, and Vp and 
VB represent the volumes of the plasma and buffer phases 
counted, respectively. 


These calculations assume that the radiolabeled drug 
used is absolutely void of any radiochemical impurities. 
However, this is usually not the case unless the radiolabel 
is purified before use, since most commercially available 
radiolabeled drugs contain unknown, although small, 
amounts of radiochemical impurities. These radiochemical 
impurities containing the radioactive isotope (usually 
carbon 14 or tritium) may be a starting material or inter- 
mediary compounds in the chemical synthesis of the ra- 
diolabeled drug, or breakdown products of the drug. 


Vacutainer. 


To evaluate the effects of varying degrees of radio- 
chemical impurities present in the dialysis on the deter- 
mination of plasma protein binding of drugs, Eq. 1 has to 
be modified. The observed free fraction ( f f )  can be calcu- 
lated for varying combinations of the true or actual free 
fraction uf) and the fraction of impurities in the radiolabel 
used ( f i )  assuming that Vp equals VB,  using the expres- 
sion: 


where the numerator represents R g  and the denominator 
represents Rp in Eq. 1 and RT represents the total radio- 
activity added (consisting of both the drug of interest and 
the impurities); it is assumed that the radiochemical im- 
purities are not bound to plasma proteins and distribute 
evenly in the plasma and buffer phases. The former terms 
in the numerator and denominator in Eq. 2 represent the 
actual free fraction, while the sum of the latter terms in the 
numerator and denominator represents the radioactivity 
due to radiochemical impurities. 


Simulations were carried out using Eq. 2 to illustrate the 
effects of varying degrees of radiochemical impurities in 
the radiolabel used on the determination of plasma protein 
binding of drugs. Figure 1 shows simulations of the ob- 
served free fraction uersus the actual free fraction, when 
the impurities in the radiolabel vary from 2.5-1076 of the 
total radioactivity added. It can be seen that increasing the 
percentage of impurities in the radiolabel results in an 
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Figure 1-Effects of  varying degrees of  radiochemical impurities 
present i n  dialysis on the determination of plasma protein binding of 
drugs. 
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Figure 2-Effects of varying degrees of radiochemical impurities 
present in dialysis on the relative error involved in the  determination 
of plasma protein binding of drugs. Key: 0 , l O . O ;  A, 7.5; D,5.0; and V, 
2.5 9; radioch$qmical impurities. 


upward shift of the linear relationship between the ob- 
served versus the actual free fraction. 


However, the relative error on the determination of drug 
protein binding caused by the radiochemical impurities 
varies markedly depending on the actual free fraction; the 
lower the actual free fraction the greater the relative error 
and vice versa. This relative error can be expressed as the 
ratio of the observed to actual free fraction, which indicates 
how many times higher the observed free fraction is than 
the actual free fraction. 


Figure 2 shows a plot of this relative error ratio uersus 
the actual free fraction. It has an expected hyperbolic form 
for any given degree of radiochemical impurities present 
because the independent variable is in the denominator 
of the dependent variable. It can be seen from Fig. 2 that 
the observed free fraction will be -2.3-6.3 times higher 
than an actual free fraction of 0.01 when radiochemical 
impurities vary from 2.5-lo%, while the observed free 
fraction is only -1.1-1.5 times higher than an actual free 
fraction of 0.1 with the same range of radiochemical im- 
purities present. 


The use of a radiolabel containing radiochemical im- 
purities in dialysis for the determination of protein binding 
in clinical pharmacokinetic studies will not only result in 
a wrong value, but it will make all comparisons of binding 
data difficult. Such comparisons are frequently of interest, 
e.g., when evaluating the effects of other drugs or disease 
states on the ]protein binding of drugs or when comparing 
drug binding in different groups of age or sex. This effect 
can be illustraited by two groups of drug binding data with 
average actual free fractions of 0.01 and 0.02. When a ra- 
diolabel with 5% radiochemical impurities is used, this 
100% difference in the actual free fractions will reduce to 
a 28% difference in the free fractions, i.e., the observed free 
fractions will be 0.035 and 0.045. It is likely that a true 
statistically significant difference among various groups 
of binding data may therefore become obscured. Because 
of the significance of drug protein binding in clinical 


pharmacology, it is suggested that radiolabels used for the 
determinations of plasma protein binding of drugs be 
purified prior to dialysis, e.g., by high-pressure liquid 
chromatography, and that the stability of the radiolabel 
be verified postdialysis in both buffer and plasma 
phases. 
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T o  the Editor: 
The timed-interval method is commonly employed in 


pharmacokinetic studies to determine the renal clearance 
(elr) of a drug compound: 


(Eq. 1) 


where Xt,- , ,  and AUCt,-t, are the amount of the intact 
drug excreted and the area under the plasma concentration 
curve between times t l  and t2, respectively. To date, the 
potential effect of the source of plasma data, either arterial 
or venous, on the estimation of clearance using Eq. 1 has 
rarely been evaluated. The arterial and venous differences 
of six compounds were recently reported (1). The present 
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Abstract 0 Three phenolic constituents of Magnolia grandiflora L. 
were shown to possess significant antimicrobial activity using an agar well 
diffusion assay. Magnolol, honokiol, and 3,5’-diallyl-2’-hydroxy-4-me- 
thoxybiphenyl exhibited significant activity against Gram-positive and 
acid-fast bacteria and fungi. The minimum inhibitory concentrations 
were determined for each compound using a twofold serial dilution 
assay. 


Keyphrases 0 Magnolia grandiflora L.-antimicrobial activity of 
phenolic constituents, agar well diffusion assay Magnolol-phenolic 
constituent of Magnolia grandiflora L., antimicrobial activity Ho- 
nokiol-phenolic constituent of Magnolia grandiflora L., antimicrobial 
activity 3,5’-Diallyl-2’-hydroxy-4-methoxybiphenyl-phenolic con- 
stituent of Magnolia grandiflora L., antimicrobial activity 0 Antimi- 
crobial activity-phenolic constituents of Magnolia grandiflora L., agar 
well diffusion assay 


The search for new antibiotics is no longer restricted 
primarily to microbial products. Recently, constituents of 
higher plants have exhibited significant antimicrobial 
activity (1-4). The isolation and identification of magnolol 
(I), honokiol (II), and 3,5’-diallyl-2’-hydroxy-4-methoxy- 
biphenyl (111) as phenolic constituents of the seeds of 
Magnolia grandiflora L. were reported (5). All three 
compounds have significant antifungal and antibacterial 
activity, and the details of this antimicrobial activity are 
described here. 


RESULTS AND DISCUSSION 


Magnolol (I), honokiol (II), and 3,5’-diallyl-2’-hydroxy-4-methoxy- 
biphenyl (111), phenolic constituents of M. grandiflora L. (51, showed 


I : R = H  
IV: R = CH, 


11: R ,  = R, = H 


V: R,  = R, = CH, 
111: R ,  = H, R, = CH, 


significant antimicrobial activity against Gram-positive bacteria, an 
acid-fast bacterium, and yeast-like and filamentous fungi. All three 
compounds were tested qualitatively for activity using an agar well dif- 
fusion assay (Table I). The corresponding dimethyl ethers, IV and V, 
showed no significant activity. 


Streptomycin sulfate and amphotericin B also were tested to serve as 
standards for comparison. All three compounds (1-111) had activity 
comparable to the standards under the same test conditions. 


The minimum inhibitory concentration (MIC) of each active com- 
pound was determined using a twofold serial dilution assay (Table 11). 
All three compounds apparently were considerably more active than 
amphotericin B against Trichophyton mentagrophytes but not as active 
against Candida albicans and Saccharomyces cerevisiae. Methylation 
of one phenolic group of I1 to give I11 resulted in the loss of activity against 
Aspergillus niger and C. albicans but not against other fungi or bacteria. 
In fact, 111 was somewhat more active against Staphylococcus aureus, 
Bacillus subtilis, and Mycobacterium smegmatis than the dihydroxy 
compounds I and 11. All three compounds possessed activity comparable 
to, or better than, streptomycin sulfate against B. subtilis, S. aureus, and 
M. smegmatis. Compounds 1-111 were also tested for activity against 
Gram-negative bacteria (Escherichia coli and Pseudomonas aeruginosa), 
but none showed any activity. 


EXPERIMENTAL 


Qualitative Antimicrobial Screening-All compounds were tested 
for activity against the following microorganisms: Bacillus subtilis 
(ATCC 6633), Staphylococcus aureus (ATCC 6538), Escherichia coli 
(ATCC 10536), Pseudomonas aeruginosa (ATCC 15442), Mycobacter- 
i u m  smegmatis (ATCC 607), Candida albicans (ATCC 102311, Sac- 
charomyces cereuisiae (ATCC 9763), Aspergillus niger (ATCC 16888), 
and Trichophyton mentagrophytes (ATCC 9972). Routine qualitative 
screening of compounds for antimicrobial activity was accomplished as 
previously described (1) except for the following modifications: plates 
for the assay were prepared by dispensing 25 ml of sterile agar medium 
into 100 X 15-mm sterile petri dishes; and using the quadrant streak 
method, the sterile agar plates were streaked with a dilution of the test 
organism (1 ml of broth culture in 9 ml of sterile water). 


Antimicrobial activity was recorded as the width (in millimeters) of 
the inhibition zone measured from the edge of the agar well to the edge 
of the inhibition zone. 


Quantitative Antimicrobial Assay-For compounds that showed 
significant activity in the qualitative screen, the MIC values were de- 
termined using the twofold serial dilution technique previously described 
(1). All compounds were initially tested using a concentration of 100 
pg/ml in the first tube. After preliminary evaluation to determine the 
range of the MIC value, the concentrations in the first tube were de- 
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Table I-Antimicrobial Activity of Phenolic Constituents of M. grandiflora L. 


Zone Diameter, mm 
Compound B. subtilis S. aureus M. smegmatis C.  albicans S. cerevisiae A. niger T. mentagrophytes 


I 8 7 15 6 12 6 17 
I1 9 10 12 6 12 8 20 
I11 7 6 13 2 15 1 15 


4 IV 1 2 
3 V 


Streptomycin sulfate 10 7 17 NTa NT NT NT 


- 4 
3 


- - 
- - - - - 


Amphotericin B NT NT NT 4 5 3 4 


Not tested. 


Table 11-Minimum Inhibitory Concentrations (Micrograms Der Milliliter) of Phenolic Constituents of M. mandiflora L. a 


Compound B. subtilis S. aureus M. smegmatis C.  albicans S. cerevisiae A .  niger T. mentagrophytes 


I 5 (5) 5 (5) 5 (5) 30 (30) 10 (10) 30 (30) 2.5 (2.5) 
I1 5 (5) 10 (10) 7.5 (7.5) 30 (30) 10 (10) 30 (30) 2.5 (2.5) 
I11 2.5 (2.5) 2.5 (2.5) 2.5 (2.5) NT 10 (10) NT 1.25 (1.25) 


Streptomycin sulfate 10 (10) 10 (10) 2.5 (1.25) NT NT NT NT 
Amphotericin B NT NT NT 5 (5) 2.5 (2.5) 30 (30) 15 (15) 


Numbers in parentheses refer to values obtained on duplicate testing. * Not tested. 


creased to either 30 or 60 pglml. 
The MIC was taken as the lowest concentration that inhibited growth 


after 24 or 48 hr of incubation. Tubes inoculated with B. subtilis and S. 
aureus were incubated at 37" for 24 hr, while tubes inoculated with M.  
smegmatis were incubated at  37" for 48 hr. Tubes inoculated with fungi 
and yeasts were incubated at  30" for 48 hr. Streptomycin sulfate' and 
amphotericin B2 were used as standard antibiotics for comparison with 
the phenolic compounds. 
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Abstract 0 3-Substituted 5-methyl-l-(p-[(3,5-dimethyl)pyrazol-l-yl]-, 
5-methyl-l-(p-[(5-methyl-3-carboxy)pyrazol-l-y1]-, l-(p-[(3-methyl- 
5-phenyl)pyrazol-l-y1]-, and l-(p-[(3-methyl-4-bromo-5-phenyl)pyra- 
zol-1-yl]benzenesulfonyll-2-thiohydantoin and their 5-methyl-2-thio- 
hydantoin and 5,6-dihydro-4(3H)-oxo-2( 1H)-pyrimidinethione deriv- 
atives were prepared for evaluation as hypoglycemic agents. Biological 
testing showed that some of these compounds possessed antidiabetic 
activity. 


Keyphrases 0 Cyclic sulfonylthiourea derivatives-preparation and 
evaluation for antidiabetic activity, IR and PMR spectroscopy IR 
spectroscopy-identification of cyclic sulfonylthiourea derivatives, 
antidiabetic activity in mice Antidiabetic activity-synthesis and 
evaluation of cyclic sulfonylthiourea derivatives, identification by IR 
spectroscopy 


In spite of the low hypoglycemic effect of substituted 
pyrazolesulfonylthiourea derivatives (1-3), their cyclic thio 
analogs showed potent antidiabetic activity (1). This 


finding initiated the synthesis of new cyclic pyrazolesul- 
fonylthio analogs1 for the evaluation of their antidiabetic 
effect. 


EXPERIMENTAL* 


Substituted p -  [ (3,5-dimethyl)pyrazol-l-y1] -, p -  [ (5-methyl-3- 
carboxy)pyrazol- 1-yl] -, p - [ (3-methyl-5-phenyl)pyrazol-l-y1] -, and p - 
[ (3 -methyl4 - bromo- 5-pheny1)pyrazol-1- yl]benzenesulfonylthiourea 
derivatives were prepared by the treatment of their corresponding p -  
sulfamylphenylpyrazole derivatives with the appropriate isothiocya- 
nates. 


Application for a patent was made for compounds described in this report. * 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 was 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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netics of the proposed carrier-mediated transport of amphoteric P-lactam 
antibiotics will be presented in subsequent papers. 
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Abstract The absorption ot cyclacillin at  pH 7.0 by the rat small in- 
testine was investigated using in situ perfusion. At the lowest dose of 95 
pg/ml, the antibiotic disappearance was rapid and followed first-order 
kinetics, with the disappearance being 85% a t  100 min. At the interme- 
diate concentrations of 770 and 1200 pg/ml, the disappearance after 100 
min was 69 and 54%, respectively, and semilogarithmic plots clearly 
showed convex curvatures. At the highest concentration of 30 mg/ml, 
cyclacillin disappeared slowly from the perfusate, in an apparent first- 
order fashion. The disappearence was 26% after 100 min of perfusion and 
was similar in extent at  5.2 mg/ml. This concentration-time profile was 
satisfactorily fitted to the simultaneous MichaelisMenten and first-order 
kinetic equations. The area under the blood concentration versus time 
curve (AUC) after a single intraduodenal dose of cyclacillin was almost 
consistent with the AUC after the equivalent intravenous dose (10 
mg/kg). Additional evidence from a pharmacokinetic analysis of 
steady-state blood concentrations after constant infusion of cyclacillin 
through the portal vein and the small intestinal lumen indicated that 


Previous in situ absorption studies (1-4) utilizing rat 
intestinal loops showed that the percentage disappearance 
of amino-p-lactam antibiotics, such as amoxicillin, cycla- 


cyclacillin absorption by the rat intestinal tissue a t  relatively low con- 
centrations (<1 mg/ml) followed solely Michaelis-Menten kinetics. 
Cyclacillin may be transported by certain types of carrier-mediated 
mechanisms. 


Keyphrases 0 Cyclacillin-intestinal absorption kinetics in situ, blood 
levels in rats after intravenous, intraportal, and intraduodenal admin- 
istration 0 Absorption kinetics-rat intestinal loops, blood cyclacillin 
levels after intravenous, intraportal, and intraduodenal administration 


Kinetics, absorption-blood cyclacillin levels after intravenous, in- 
traportal, and intraduodenal administration, in situ rat intestinal loops 


Antibiotics, amino-0-lactam-cyclacillin, in situ intestinal absorption 
kinetics, blood levels after intravenous, intraportal, and intraduodenal 
administration to  rats 0 Pharmacokinetics-cyclacillin, intestinal ab- 
sorption in situ, blood levels after intravenous, intraportal, and intra- 
duodenal administration to rats 


cillin, cephalexin, cephradine, and cefadroxil, was ex- 
tremely large a t  a low dose but was markedly reduced at 
a high dose. Accumulated results from the past 10 years 
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(1-13) suggest that the GI absorption of amino-p-lactam 
antibiotics does not obey the so-called lipid theory but that 
certain carrier-mediated mechanisms underlie their ab- 
sorption. 


Among these classes of 0-lactam antibiotics, cyclacillin 
revealed a remarkable dose-dependent disappearance from 
the rat gut lumen (2,4). Recently, the presence of one or 
more carrier systems was proposed for the active transport 
of cyclacillin in the rat intestinal mucosa (8,lO). However, 
when various cyclacillin doses were administered orally to 
mice (14), rats (15), dogs (16), and humans (17), the peak 
blood levels were almost parallel to the dose. The question 
now arises as to whether the dose-dependent disappear- 
ance from the intestinal lumen solution is due to absorp- 
tion into the bloodstream, to gut wall accumulation, or to 
both absorption and degradation in the gut lumen and at  
the mucosal surface. 


The present study on cyclacillin absorption by the rat 
intestine was undertaken to elucidate: (a)  the kinetics of 
disappearance from the recirculating intestinal perfusion 
solution, ( b )  the ratio of the area under the blood concen- 
tration-time curve (AUC) after the intraduodenal ad- 
ministration to that after an intravenous dose, and ( c )  the 
relationship between steady-state blood levels after con- 
stant infusion into the portal vein and those after single 
intestinal perfusion of cyclacillin a t  various doses. 


EXPERIMENTAL 


Materials-Cyclacillin anhydrate (983 pglmg) was used as received'. 
All other reagents and solvents were the best grade available. 


Animals-Male albino Wistar rats weighing 220 f 4 g and 214 f 20 
g were used in the measurement of AUC and the other experiments, re- 
spectively. They were fasted for 20 hr prior to the experiment, but water 
was given freely. The rats were anesthetized with urethan (1.5 g/kg ip) 
-1 hr prior to surgery. 


I n  Situ Recirculating Perfusion Method-The procedure employed 
was essentially the same as that described previously (2). The bile duct 
was ligated in all recirculating perfusion experiments. The intestine was 
cannulated with a glass cannula a t  the pylorus and jejunum ends for -30 
cm and prewashed with 100 ml of pH 7.0 isotonic phosphate buffer. After 
washing with 20 ml of the pH 7.0 isotonic buffer containing cyclacillin, 
6 ml of this antibiotic solution was recirculated continuously to produce 
a final volume of -9 ml. The pH of the lumen solution was maintained 
at  pH 7.0 by means of a pH-stat2. Samples withdrawn periodically from 
the perfusate were filtered to remove solid materials, diluted if necessary, 
and analyzed as described under Analysis. The total sampling volume 
was within 6% of the perfusion solution. 


Determination of A UC af ter  Intravenous o r  Intraduodenal Ad- 
ministration-A 30-cm intestinal loop was prepared by ligation between 
the pylorus and jejunum. Cyclacillin solution was prepared with physi- 
ological saline, and 10-mg/kg doses were given intravenously through the 
femoral vein (0.5 ml) or intraduodenally (1 ml). Aliquots (0.2 ml) of blood 
samples taken periodically from the jugular vein were assayed by the 
microbiological method after being hemolyzed with an equivalent volume 
of distilled water. The total weight of sampled blood was within 0.7% of 
the rat body weight. 


Tissue Accumulation after Intraduodenal Administration-After 
completion of 1- or 5-hr experiments for AlJC determination, the intes- 
tinal area of the 30-cm intestinal loop was isolated, tearing off the mes- 
entery, and the serosal surface then was blotted with filter paper. The 
intestine was cut into small slices and homogenized in a polytef homog- 
enizer with saline to give 1070 (w/v, wet weight) homogenate. An aliquot 
of the homogenates then was analyzed. 


Constant Intraportal Infusion-To obtain a steady-state blood level 
after constant infusion into the portal vein, antibiotic solutions of 5,10, 


Takeda Chemical Industries, Osaka, Japan. 
A pH-stat titrator assembly consisting of a TTTZ titrator and ABUIPb auto- 


buret, Radiometer, Denmark. 


lob 
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Figure 1-Time courses for cyclacillin disappearance from isotonic 
phosphate buffer perfused through the rat small intestine as a function 
of dose. The  points represent the mean concentration, and the vertical 
bars represent the standard deuiations from three or six experiments. 
T h e  curves are model-predicted concentrations based on nonlinear 
least-squares fitting of data to Eq. 1. Key: A, 95 pg/ml; A, 770 pglml; 
a, 1200 pgglml; V, 5200 gg/ml; and 0,30 mglml. 


15, and 20 mg/ml prepared with saline were infused at  0.003 ml/min into 
rats whose bile duct had been cannulated with a polyethylene tube to 
exclude bile. Aliquots (0.2 ml) of blood samples withdrawn periodically 
during 7-hr experiments were analyzed after being hemolyzed. 


Appearance in  Blood af ter  In Situ Single Intestinal Perfu- 
sion-The rats were treated similarly as in the in situ recirculating 
perfusion experiments, but the bile duct was cannulated with a poly- 
ethylene tube to exclude bile. Cyclacillin solutions (0.1,0.2,0.5, and 1.0 
mg/ml, prepared with pH 7.4 isotonic phosphate buffer) were perfused 
from the pylorus end at  a flow rate of 2 ml/min and collected at  the je- 
junum end. Aliquots (0.2 ml) of blood samples taken periodically during 
7-hr absorption experiments were analyzed after being hemolyzed. The 
total weight of sampled blood was within 1% of the rat body weight. 


Analysis-The residual cyclacillin in the recirculating perfusion so- 
lution was determined by both high-performance liquid chromatographic 
(HPLC) and microbiological assays. 


The liquid chromatograph3 was equipped with a UV detector4 set a t  
210 nm. A strong cation-exchange resin? packed into a 4.6 X 500-mm 
stainless steel column was used as the stationary phase. The mobile phase 
was aqueous 0.1 M KHzP04 adjusted to pH 4.0-4.2 with sodium hy- 
droxide solution. Samples were eluted a t  a flow rate of 2 mllmin. The 
recirculating solution (10-50 gl) was withdrawn at  suitable time intervals, 
injected via a variable-loop injector on flow after appropriate dilution, 
if necessary, and filtrated with a 0.45-pm filter6. The peak heights were 
measured, and the concentrations were calculated from calibration curves 
obtained daily. 


The recirculating intestinal perfusion solution, intestinal tissue ho- 
mogenates, and hemolyzed blood samples were analyzed by the micro- 
biological paper disk method employing Sartina lutea7. For the latter 
two samples, standards were established by using fresh pooled 10% gut 
homogenates and fresh pooled blood, both from control rats. 


The accuracies of the two analytical methods were as described pre- 
viously (4). 


Model FLC-A700, Japan Spectroscopic Co., Tokyo, Japan. 
Model UVIDEC-100, Japan Spectroscopic Co., Tokyo, Japan. 
Zipax SCX, DuPont Instruments, Wilmington, Del. 
Sartorius-Membranefilter GmbH, Gottingen, West Germany. 


7 IF0 12708, Institute for Fermentation, Osaka, Japan. The strain was derived 
from ATCC 9341. 
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Table I-Percentage of Residual Antibiotic in the Lumen Solution Perfused through the Rat Small Intestine' at Various Doses 8s 
a Function of Time 


Initial Concentration of Cyclacillin, pglml 


Minutes 95 770 1200 5200 30000 


100.0 


93.2 f 6.4 


85.8f  7.1 


- 100.0 0 100.0 
10 84.3 f 7.7 


92.5 t 1.5 20 64.0 i 10.2 
30 57.7 f 7.5 


89.6 f 2.4 40 44.4 f 13.9 
50 41.7 f 10.4 


76.4 f 6.3 78.6* 1.0 31.2 k 11.3 60 
70 28.9 t 10.0 
80 22.0 ?: 9.8 41.6 f 4.7 58.0 f 4.5 80.5 f 1.3 78.3 f 4.4 


- 100.0 


92.4 f 4.8 


82.2 f 2.1 


74.7 k 6.8 


- 100.0 


78.6 f 1.4 


65.0 k 2.9 


52.3 f 3.9 


- 


L - - - 
- - - - 
- - - - 


- - - - 90 22.1 r 8.8 
15.2 t 9.9 31.2 f 3.7 45.8 f 6.1 76.4 f 2.0 73.9f  6.1 


- 22.6 f 2.1 37.0 f 6.0 72.9 f 1.8 72.9 f 4.7 
64.7 f 3.1 71.2 f 7.8 - 15.7 t 1.9 28.6 f 5.9 


- 10.0 f 1.8 25.3 f 7.2 56.3 f 12.2 63.4 f 3.4 
65.4 f 5.1 - 6.4 f 1.0 15.8 f 8.5 54.2 f 7.4 


100 
120 
140 
160 
180 


an = 3 for all doses except the 95-pglml dose (n = 6 ) .  


RESULTS AND DISCUSSION 


Concentration-Time Profile for In Situ Disappearance from 
Recirculating Perfusate-Semilogarithmic plots of the disappearance 
of cyclacillin from the rat small intestinal lumen a t  pH 7.0 are given in 
Fig. 1. The analytical results determined by both HPLC and biological 
assay for samples of initial concentrations of 95,1200, and 5200 pg/ml 
were in good agreement. The percentages of residual antibiotic at various 
doses as a function of time are summarized in Table I. 


At the lowest concentration (95 pg/ml), cyclacillin disappearance was 
rapid and followed apparent first-order kinetics, with the disappearance 
being 85% at  100 min. At  the intermediate concentrations of 770 and 1200 
pg/ml, the disappearance after 100 min was 69 and 54%, respectively, and 
the semilogarithmic plots clearly showed convex curvatures. At  the 
highest concentration (30 mg/ml), cyclacillin disappeared slowly from 
the perfusate in an apparent first-order fashion. The disappearance was 
26% after 100 min of perfusion and was similar in extent a t  5200 pg/ml. 
This concentration-time profile, showing a dramatic decrease in the 
disappearance rate with an increase in the initial cyclacillin concentration, 
indicates that the disappearance rate of this antibiotic from the rat in- 
testinal perfusate can be described in the mixed kinetic terms of Mi- 
chaelis-Menten and first order: 


where C is the cyclacillin concentration remaining in the perfusate a t  time 
t ,  V,,, is the maximum rate of disappearance, K ,  is the Michaelis- 
Menten constant, and k l  and k2 are the first-order rate constants of ab- 
sorption and degradation, respectively, as defined previously (3). 


Iterative nonlinear least-squares analysis of the data in Fig. 1 to be 
fitted to Eq. 1, using a NONLIN computer program (18), provided the 
following parametersep9: V,, = 502 f 31 pg/ml/hr or 1.47 f 0.09 mM 
hr-l, K ,  = 420 f 27 pg/ml or 1.23 f 0.08 mM, and k l  + kz = 0.111 f 
0.014 hr-l. During the fitting procedure, the concentration was weighted 
by the reciprocal of its square. 


There were negligible concentrations of the penicilloic acid of cyclacillin 
on HPLC during the absorption experiments, which was consistent with 
previous observations using the in situ intestinal loop method (2,4). The 
in uitro first-order degradation rate constant of this antibiotic was de- 
termined as 0.014 hr-' in the intestinal washing perfusate a t  3 7 O ,  indi- 
cating cumulative products of only 3% penicilloic acid from the initial 
dose after a 2-hr experiment. Subtraction of the first-order degradation 
rate constant (k2) of 0.014 hr-' from the best fitting first-order rate 
constant of 0.111 hr-l yielded 0.097 hr-' as the net first-order absorption 
rate constant (kl). This value was very close to values of other amino- 
P-lactam antibiotics, amoxicillin (kl = 0.062 hr-l) (2) and cephradine 


Previously, we employed only the Michaelis-Menten kinetic term for the data 
fitting and reported VmaX = 842 & 28 p /ml/hr or 2.47 f 0.08 mM hr-I and K ,  = 
654 + 40 pg/ml or 1.91.f 0.12 mM (2). idditional experiments were conducted at 
the hi hest concentration of 30 mg/ml. Incorporation of a first-order kinetic term 
gave t i e  best fit to all data of both the previous (2) and present studies. 


The computer analysis was performed with a FACOM M-160 digital computer 
at the Data Processing Center, Kanazawa University. 


(k l  = 0.082 hr-l) (3), as well as to the average first-order absorption rate 
constant for monobasic penicillins (0.076 hr-l) (19) determined in similar 
experiments. 


The solid lines in Fig. 1 were generated using Eq. 1 with the NON- 
LIN-fitted parameters, indicating that Eq. 1 gives an excellent descrip- 
tion of the experimental data for the cyclacillin disappearance from the 
rat in situ intestinal perfusate. 


Pharmacokinetic Evidence for Saturable Absorption by Blood 
Concentration Analysis-In the disappearance of cyclacillin from the 
intestinal perfusate by Michaelis-Menten kinetics, it is important to 
distinguish between net transport across the GI tract into the blood- 
stream and competitive enzymatic degradation in the lumen and/or a t  
the mucosal surface. 


The contribution of each kinetic term in Eq. 1 to the total disappear- 
ance was calculated as a function of constant antibiotic concentration. 
At concentrations of >5 mg/ml, the first-order kinetic term, k l  + k2, may 
play the major role in the disappearance; with those of <1.0 mg/ml, the 
total disappearance is expected to be virtually due to Michaelis-Menten 
kinetics. 


AUC after Intraduodenal Dose Compared with Intravenous Dose- 
Figure 2 shows the mean blood concentration-time profiles of cyclacillin 


0 . p  


0.1 
0 1 2 3 4 5 


HOURS 


Figure 2-Mean blood concentration of cyclacillin (10 mglkg) following 
intravenous (0) or intraduodenal (0) administration in rats. The 
vertical bars represent the standard deviations from three experiments. 
The curve is the nonlinear least-squares line for the two-compartment 
open model. 
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Scheme I-Pharmacokinetic model for eualuation of the absorption rate 
of the drug. 


(10 mg/kg) after intravenous and intraduodenal administrations in rats 
whose intestine had been ligated 30 cm from the pylorus to prevent 
possible loss of the antibiotic into the feces. The results are summarized 
in Table 11. 


The blood concentration (C1) following intravenous bolus injection 
declined biexponentially in accordance with: 


C 1 =  Aerut  + Be-Pt (Eq. 2) 
The data were fitted to a two-compartment open model. The values of 
A ,  B, a, and /3 were estimated to be 23.3 f 2.4 pg/ml, 5.29 f 0.29 pglml, 
18.7 f 2.2 hr-l, and 0.326 f 0.031 hr-l, respectively, using the NONLIN 
computer program (18), where the blood concentration was weighted as 
its reciprocalg. The solid line in Fig. 2 represents the best fit of the 
data. 


Evaluation of the data from the intraduodenal dose of cyclacillin re- 
vealed that the terminal phase of the blood level-time profile represented 
a function of the /3 rate constant. 


Both AUC values from the different administration routes were cal- 
culated according to the trapezoidal rule from time 0 to 5 hr, where 
pseudodistribution+quilibrium of cyclacillin might be attained. T o  each 
value was added the AUC value from 5 hr to  time infinity, which was 
calculated using the terminal /3 rate constant. The total blood areas after 
intravenous and intraduodenal dosing were 18.48 f 2.28 and 18.46 f 2.83 
pg hr/ml, respectively, and thus were the same within the limits of ex- 
perimental error. 


These results indicate that cyclacillin was absorbed completely by the 
ligated intestine following intraduodenal administration and that there 
was no appreciable first-pass metabolism and degradation of cyclacillin 
in the intestine during absorption of the 10-mghg dose. In an absorption 
experiment after 1 hr, the dose of cyclacillin remaining in the intestinal 
lumen was determined to be 6.5%, and the accumulation in the tissue was 
8.0%; the total absorption was 85.5% after 1 hr. After 5 hr, the percentages 
of the residual cyclacillin in the intestinal lumen and the accumulation 
in the tissue were 0.7 and 2.396, respectively, indicating almost complete 
cyclacillin absorption in 5 hr. 


Absorption Kinetic Analysis of Steady-State Blood Concentration 
during Intraportal Vein Infusion and Single Intraduodenal Perfu- 
sion-Although no significant first-pass effect was observed for cyclacillin 
a t  an intraduodenal dose of 10 mg/kg, Kind et  al. (20) reported that 
penicillins were subject to significant inactivation by the isolated rat liver. 
Excretion of penicilloic acid after oral administration of cyclacillin in 
humans was reported to be 15-19% for a 0.250-1-g dose (16). Therefore, 
the possible consequences of metabolism in the gut or liver must be 
considered since such processes sometimes are saturable. 


With the pharmacokinetic treatment of Gibaldi and Feldman (21), a 
three-compartment open model may be adequate for considering the 
saturable first-pass effect after intraduodenal or intraportal adminis- 
tration (Scheme I). The present model consists of a central compartment 
being sampled (Compartment 11, a rapid equilibrium hepatoportal sys- 
tem (Compartment 3), which is included in the central compartment, and 
a slow equilibrium peripheral compartment (Compartment 2). The model 
is based on observations of apparent biexponential pharmacokinetics 
following an intravenous bolus dose as described earlier. Compartment 
3 includes drug metabolism in the liver during the first passage of the drug 
into the circulation after hepatic route administration. In this model, C 
is the drug concentration in a given compartment and V is the com- 
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Figure 3-Mean blood concentration of cyclacillin administered by 
constant portal uein injusion at a rate o/ 15.3 (A), 30.5 (m), 45.8 (v), 
or 61.0 (0) pg/min. The vertical bars represent the standard deviations 
from three experiments. 


partment volume, klo represents the first-order rate constant for renal 
elimination, and VZax and K g  represent the maximal rate and Michaelis 
constant for hepatic metabolism, respectively. 


From this model, the rates of drug amount in each compartment are 
given by: 


dC3 M C  


d t  Knl + c3 v3- = ki3V1Ci - k3iV3C3 - + input (Eq. 5) 


input = I p  or I. (Eq. 6) 


where I. represents the absorption rate by the intestine and I ,  is the 
infusion rate through the portal vein. 


At the steady state of drug distribution and elimination during a 
constant intestinal perfusion or constant portal vein infusion, Eqs. 7-9 


16r 


1 4 t  
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INFUSION RATE, pglmin 


Figure 4-Linear relationship between the steady-state blood con- 
centration and portal oein infusion rate. 
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HOURS 


alL, 
Figure 5-Mean blood concentration of cyclacillin following single 
perfusion through the rat intestine at various drug concentrations. Key: 
A, 0.1 mg/ml; 0 ,0 .2  mglml; V, 0.5 mg/ml; and 0 , l . O  mglml. The vertical 
bars represent the standard deviation from three experiments. 


can be obtained by putting zero on the left side of Eqs. 3-6 and replacing 
Ci by C:E (steady-state concentration) on the right sides of the equa- 
tions: 


- (k iz  + k13 + kio)ViCy + kziVzCy t k31VsCY = 0 (Eq. 7) 


Rearrangement of Eqs. 7-9 gives: 


... I 


Combination of Eqs. 7 and 8 yields: 


(Eq. 11) 


where Cp is proportional to C y .  If the proportionality constant is K ,  then 
C g  equals KC?. 


When a steady-state blood concentration, [ C ~ ] I ~ ,  is achieved after 
constant intestinal perfusion of drug, the absorption rate, I., can be ex- 
pressed as: 


cy = (k13 + kl0)VI cs,s 
k31v3 


Similarly, the portal vein infusion rate can be described as: 


From Eqs. 12 and 13, it can be seen that I ,  should be equal to I, when 
the steady-state levels of [Cy] , ,  and [Cy],,, are the same. This relationship 
predicts that  the constant rate of intestinal absorption, I,, can be de- 
termined without knowledge of any pharmacokinetic parameters such 
as the elimination rates from the liver and kidneys and the distribution 
volumes of the compartments. 


As shown in Fig. 3, the steady-state blood cyclacillin concentrations 
during a constant rate of infusion through the portal vein in rats were 3.57 
f 2.18,7.29 f 1.01,10.7 f 1.5, and 13.9 f 1.0 pg/ml (mean f SD)  between 
4 and 7 hr a t  infusion rates of 15.3,30.5,45.8, and 61.0 pg/min, respec- 
tively. Plots of [Cy]i,, versus the infusion rate, I,, are given in Fig. 4. These 
plots apparently are linear, yielding the following regression equation: 


I, = 4.33[C;”]IP (Eq. 14) 
The clearances of cyclacillin by both the renal and hepatic routes in rats 
appear to be linear within the range of experimental blood levels. 


Figure 5 shows the blood concentration-time profiles of cyclacillin 
during a constant single perfusion of cyclacillin solution of CO (micro- 
grams per milliliter) at  a rate of 2 mllmin through the rat small intestine. 
A steady state was attained after 4 hr. The average steady-state blood 
levels,(C”,”]i,,between4and7hrwere2.50f0.52,3.67 f0.47,7.11 fO.71, 
and 11.37 f 2.09 pg/ml for intestinal cyclacillin concentrations of 0.1,0.2, 
0.5, and 1.0 mg/ml, respectively. The absorption rates, I,, were ralculated 
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0 CONCLUSION 


The criticism has been made that GI absorption studies of drugs based 
on the rate or extent of disappearance from the lumen solution utilizing 
proper experimental techniques in vivo may not necessarily reflect the 
net absorption into the bloodstream due to such factors as drug metab- 
olism in the intestinal lumen and at the mocusal surface. Previous studies 
(2,4) demonstrated that cyclacillin exhibited a strongly dose-dependent 
disappearance from rat intestinal loops, suggesting some specialized 
transport system. However, this finding does not exclude possible en- 
zymatic metabolism during the absorption experiments. 


The present study provided conclusive evidence that the disappearance 
of cyclacillin from the intestinal lumen followed simultaneous Michae- 
lis-Menten and first-order kinetics and that cyclacillin absorption into 
the bloodstream was rapid and complete by comparison of both A UC 
values after intravenous and intraduodenal administration. At  the dose 
used (10 mg/kg), the observed Michaelis-Menten kinetic term is expected 
to play a major role in the total disappearance from the GI lumen. Ad- 
ditional evidence from a pharmacokinetic analysis of the steady-state 
blood concentrations after constant infusion of cyclacillin into the portal 
vein and through the small intestinal lumen indicated that the uptake 
of cyclacillin by the rat intestinal tissue a t  relatively low concentrations 
of <1 mg/ml followed solely Michaelis-Menten kinetics. These results 
suggest that cyclacillin may be transported in the rat intestine by certain 
carrier systems and moved into the bloodstream without significant loss 
of antibiotic activity. 


50 t A 
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Figure 6-A: Effect of drug concentration on the absorption rate of 
cyclacillin after rat intestinal single perfusion. B: Lineweaver-Burk plot 
of cyclacillin transport rate across the in situ rat intestinal wall to  the 
bloodstream. The results are expressed as the means of three experi- 
ments; V,,, = 3640 pg/hr and K, = 479 pg/ml. 


from Eq. 13 by substitution of [ C y ] l p  by [Cy] , ,  and are plotted versus 
CO in Fig. 6A. The relationship between the cyclacillin concentration 
perfused through the intestine, CO, and the corresponding absorption rate 
I,, demonstrated no proportionality but tended to be saturable. This 
finding is consistent with the fact that the disappearance of cyclacillin 
from the intestinal lumen in the in situ recirculating perfusion method 
followed Michaelis-Menten kinetics. If it is assumed that the net ab- 
sorption of cyclacillin across the intestinal membrane is subject to a ca- 
pacity-limited process at  relatively low concentrations (<1.0 mg/ml), the 
steady-state absorption rate can be described solely by the Michaelis- 
Menten equation as follows: 


(Eq. 15) 


where ’/Aax is the maximal rate (micrograms per hour). A Lineweaver- 
Burk plot of the reciprocal of the absorption rate ( l / la)  versus the re- 
ciprocal of the cyclacillin concentration (1/Co) is shown in Fig. 6B. Using 
the least-squares method for the plot, the calculated values of V;,, and 
K,,, were 3640 pg/hr and 479 pg/ml, respectively, which are comparable 
to the values evaluated from the kinetics of disappearance from the re- 
circulating perfusate at  the same perfusion rate of 2 ml/min (Vka = 4520 
f 280 pg/hrlo and K ,  = 420 f 27 pg/ml). 


~ ~~ 


lo This value was estimated by multiplying Vmax by the intestinal recirculating 
perfusion volume of 9 ml. 
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though this result was biased by the 12- and 24-hr time points. Oleic acid 
was not investigated further in this study, although Noguchi et al. (17) 
concluded that oleic acid may be a useful vehicle to sustain the release 
of poorly water-soluble drugs, thus, prolonging their effects. 


In the last series of this study, the oral availability of triamterene was 
evaluated from peanut oil and aqueous suspensions in which the dosing 
volume was reduced to 20 pl. Peanut oil was selected for comparison with 
the aqueous vehicle based on results from the initial study. In that study, 
the peanut oil vehicle provided a similar peak plasma level as the aqueous 
suspension, although peak levels occurred somewhat later. The decline 
from peak levels was slower for peanut oil than for the aqueous suspen- 
sion, resulting in a larger overall AUC for peanut oil suspensions. Finally, 
the intersubject variability in the initial study was smallest with the 
peanut oil suspensions. It was thus concluded that peanut oil might be 
a promising vehicle for formulating triamterene and improving its oral 
availability. 


The results (Tables 111 and IV and Fig. 1) of the two-way crossover 
study, comparing peanut oil and aqueous suspensions of triamterene, 
did not confirm the initial optimism regarding peanut oil as a vehicle 
when administered in realistic dosage form vehicle volumes. A weighted 
unpaired t-test revealed no significant differences between the aqueous 
and peanut oil vehicles with respect to peak plasma concentration, peak 
time, or AUC (a = 0.05). These results suggest that any enhanced 
availability in the peanut oil vehicle, which was suggested by the initial 
study, may have been due to physiological effects on the GI tract caused 
by the relatively large vehicle volume used. Such effects appeared to be 
eliminated when the dosage form vehicle volumes were used. 


A further aspect of these studies is the comparison of the doses used 
in both the large and small volume experiments. In the 1-ml administered 
volume study, each rat received -2.5 mg of triamterene; in the 20-pl 
volume study, the administered dose was 4 . 9  mg. The t-test revealed 
that neither peak height nor peak time was significantly different between 
these two studies (a = 0.5). However, with the aqueous suspension, the 
AUC for the 20-4 dwe volumes was greater (p < 0.05) than with the 1-ml 
volume. With the peanut oil suspensions, the AUC for the 2 0 4  dose 
volume was significantly less than with the 1-ml volume (p < 0.001) but, 
in absolute terms, was reduced by one-third compared with the dosage 
reduction of a factor of -3. Clearly, the larger dose volumes for both 
peanut oil and aqueous suspensions adversely affected the oral avail- 
ability of triamterene. The precise mechanism of this effect is unex- 
plained, although it is probably due to some alteration of physiological 
processes within the GI tract caused by the large vehicle volumes. 


The results indicated that the methdology used to evaluate the effects 
of various vehicles on the GI absorption of drugs must be carefully con- 
sidered. The results of in situ perfusion studies and those employing large 
vehicle volumes may not be directly applicable to an actual dosage form. 
With triamterene, a drug poorly soluble in both aqueous and lipid vehi- 


cles, a large volume of lipid vehicle may provide some enhancement 
of oral availability when compared to aqueous vehicles. At least with 
peanut oil, however, when the vehicle volume is reduced to a realiitic 
dosage form volume, the potential advantage is lost. Furthermore, small 
vehicle volumes result in better relative oral availability for triamterene 
than do large vehicle volumes. Such a finding might be considered with 
regard to the administration of triamterene in conjunction with some 
foods. 
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Abstract The role of the granulation moisture content on compression 
properties of granules made with selected binders was studied. The results 
suggested that, at lower pressures, higher moisture-containing granules 
were slightly more compressible than lower moisture-containing granules. 
However, a t  higher pressures, the reverse was true because of the water 
lubrication effect. A t  lower moisture levels, the crushing strength of the 
tablets was dependent on the binder; a t  higher moisture levels, binder 


differences became less significant. 


Keyphrases 0 Compression-effect of moisture content on granulations 
made with various binders Granulations-effect of moisture content 
on compression properties, various binders 0 Binders-various, effect 
of moisture content on compression properties of granulations 


The compression behavior of four pharmaceutical 
powders of widely different particle-size distribution and 


shape was reported previously (1). It  was shown that the 
Heckel (2) and Cooper-Eaton (3) equations can be used 
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Table I-Tablet Formulations a 


Ingredient 
Formulation 


A B C D E 


Ticlopidine 


Lactose 
Starch 
Magnesium stearate 
Methylcellulose 
Povidone 
Pre elatinized starch 
Hycfroxypro y~ 


methvlce1t)ulose 


hydrochloride 
250 


91.25 
39.00 
1.95 
7.8 
- 
- 
- 


250 


91.25 
39.00 
1.95 


7.8 
- 


- 
- 


250 


91.25 
39.00 
1.95 


7.8 


- 
- 


- 


250 


91.25 
39.00 
1.95 - 
- 
- 
7.8 


250 


99.05 
39.00 
1.95 - 
- 
- 
- 


(1 Milligrams of ingredient per tablet. 


to quantify the compression parameters of powders, pro- 
vided that various experimental conditions are consid- 
ered. 


The relative density uersus pressure plots of the gran- 
ulations made with powder mixtures by wet granulation 
did not give a typical relationship (4), as previously ex- 
plained (2). A break in the linear portion of the Heckel 
plots at a pressure range of -1200-1900 kg/cm2 was ex- 
plained largely on the basis of the water lubrication effect 
at  higher pressures. At lower pressures, where the water 
lubrication effect did not occur, the relative density- 
pressure plots (2) and the Cooper-Eaton plots (3) were 
used to calculate the apparent material constan@ and the 
coefficients of the Cooper-Eaton equation. Excellent 
correlation between the apparent material constant (C1) 
of the Heckel equation and the coefficient (k2)  of the 
Cooper-Eaton equation and the tablet crushing strength 
suggested the usefulness of these studies for proper binder 
selection when designing tablet formulations. 


This paper reports the role of moisture content on 
compression properties of granulations made with selected 
binders. 


EXPERIMENTAL 


Materials-Ticlopidine hydrochloride' (I) was at least 98% pure. The 
excipients, crystalline lactose2, starch3, magnesium stearate4, povidones, 
methylcellulose6, hydroxypropyl methylcell~lose~, and pregelatinized 
starch3, were all USP grade. 


Granulation-The formulations are listed in Table I. Compound I 
and lactose were mixed together in a small planetary mixer for 5 min. For 
Formulation C, pregelatinized starch was also mixed with I and lactose 
and granulated with purified water by mixing for 5 min. For Formulations 
A, B, and D, the binder was dispersed or dissolved in the same amount 
of water as was used in granulating Formulation C. The I-lactose mixture 
(39 g) was granulated with 15 ml of the granulating solution by mixing 
for 5 min. 


For Formulation E, the I-lactose mixture was granulated with 15 ml 
of purified water. The wet granulation was passed through a 1.4-mm 
aperture and dried in a forced-air oven at  40' until the desired moisture 
levels were obtained. The dried granulation was screened through a 
1.2-mm aperture. Starch and magnesium stearate then were blended with 
the granulation for 5 min. 


Compression-For each compression, 390 mg of the granulation was 
useds. The die and punches were 10.32 mm in diameter, and the punches 
were flat-faced. The contact time of the upper punch with the granulation 
was less than 5 sec. Immediately after compression and ejection, the 


1 5-(0-Chlorobenzyl)-4,5,6,7-tetrahydrothieno-[3,2-c]pyridine hydrochloride, 
Sanofi Research Co., New York, NY 10019. 


Re ular rade, Foremost Co., San Francisco, CA 94104. 
S d e y  danufacturing Co., Decatur, IL 62525. 


4 Mallinckrodt Chemical Co., St. Louis, MO 63134. 
5 GAF Corp., New York, NY 10020. 


Methocel A-15, Dow Chemical Co., Midland, MI 48640. 
7 Pharmacoat 606, Shinetsu Chemical Co., Tokyo, Japan. 


Model b Carver laboratory press, Fred S. Carver Inc., Summit, NJ 07901. 


0 6 12 1 8  
PRESSURE, kglcrna X lo-' 


Figure 1-Plots of ln[ll(l - D)] versus pressure using granulations 
made withpovidone (A,& and methylcellulose (O,.) as binders. The 
moisture contents a t  the time of compression were 1.12% forpouidone 
granules and 0.89% for methylcellulose granules. 


height of the compact was measured accurately and the volume and 
density of the compact were calculated. Three determinations were made 
for each data point. The mean volumes of compression, along with the 
standard deviations at  given pressures for granulations made with the 
selected binders, are given in Table 11. 


Tablet Crushing Strength-The compact hardness was determinedg 
immediately after compression. For each hardness determination, three 
compacts were tested and the mean was calculated. 


Moisture Determination-An aluminum dish was dried in a 
forced-air oven at  60" for 30 min. The dish was then equilibrated to room 
temperature, and the sample was accurately weighed into the dish and 


I I I 


6 12 18 
PRESSURE, kg/crn2 X 10-2 


Figure 2-Plots of ln[ll( l  - D)] versus pressure using granulations 
mode with pregelatinized starch (0, 0)  and without a binder (A,A). 
The moisture contents a t  the time of compression were 0.79% for pre- 
gelatinized starch granules and 0.77% for granules made without a 
binder. 
~~~~~ ~ 


9 Schleuniger-BE hardness tester, Vector Corp., Marion, IA 52302. 
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Table 11-Mean Volumes a of Compression for  Granulations Made with Selected Binders Containing Different Moisture Contents 


3- 


2- 


Pressure, 
kg/cm2 


135.9 


271.9 


407.8 


543.7 


815.6 


1359.3 


1631.2 


2174.9 


Methylcellulose 
2.44% 0.89% 


Moisture Moisture 


0.395 f 0.414 f 
0.004 0.002 


0.369 f 0.389 f 
O.OO0 0.002 


0.355 f 0.367 f 
0.002 0.002 


0.346 f 0.357 f 
O.OO0 0.002 


0.331 f 0.340 f 
0.002 0.002 


0.314 f 0.321 f 
0.002 0.004 


0.310 f 0.314 f 
0.002 0.002 


0.304 f 0.360 f 
0.002 0.000 


Povidone 
2.23% 1.12% 


Moisture Moisture 


Pregelatinized 
Starch 


2.02% 0.79% 
Moisture Moisture 


Hydroxypropyl 
Methylcellulose 


3.35% 2.32% 0.75% 
Moisture Moisture Moisture 


No Binder 
1.95% 0.77% 


Moisture Moisture 


0.393 f 0.405 f 
0.000 0.002 


0.365 f 0.380 f 
0.004 0.004 


0.350 f 0.365 f 
0.002 0.000 


0.340 f 0.350 f 
0.002 O.OO0 


0.321 f 0.333 f 
0.002 0.002 


0.310 f 0.314 f 
0.004 0.002 


0.306 f 0.310 f 
0.002 0.002 


0.299 f 0.301 f 
0.002 0.000 


0.399 f 0.401 f 
0.004 0.002 


0.369 f 0.380 f 
0.002 0.002 


0.352 f 0.363 f 
0.000 0.002 


0.342 f 0.350 f 
0.002 0.002 


0.329 f 0.333 f 
0.002 0.002 


0.312 f 0.314 f 
0.000 0.002 


0.308 f 0.314 f 
0.002 0.002 


0.306 f 0.304 f 
0.002 0.000 


0.389 * 
0.002 


0.367 f 
0.002 


0.352 f 
0.002 


0.340 f 
0.002 


0.329 f 
0.004 


0.314 f 
0.002 


0.360 f 
0.002 


- 


0.401 f 
0.000 


0.378 f 
0.006 


0.357 f 
0.002 


0.350 f 
0.002 


0.333 f 
0.002 


0.316 f 
0.002 


0.312 f 
0.002 


0.308 f 
0.002 


0.412 f 
0.002 


0.384 f 
0.002 


0.369 f 
0.002 


0.361 f 
0.000 


0.342 f 
O.OO0 


0.321 f 
0.002 


0.312 f 
0.002 


0.308 f 
0.002 


0.389 f 0.382 f 
0.004 0.002 


0.372 f 0.361 f 
0.002 0.002 


0.357 f 0.346 f 
0.002 0.002 


0.346 f 0.338 f 
0.002 0.002 


0.331 f 0.325 f 
0.002 0.002 


0.314 f 0.312 f 
0.002 o.OO0 


0.312 f 0.306 f 
0.000 o.oO0 


0.304 f 0.304 f 
0.002 0.002 


.I In cubic centimeters (mean f SD). 


dried in the oven at 60° until it reached a constant weight. The moisture 
content was calculated from the sample weight before and after 
drying. 


Bulk Density-The powder was slowly sifted into a 50-ml graduated 
cylinder through a plastic funnel. The powder weight (W) and volume 
( V )  were recorded to calculate the bulk density ( y b  = W/V). 


True Density-The true density of the granules was calculated from 
the true density of the individual Components in the formulation. The 
method of density matching (5) was used to determine the true density 
of individual components. A few milligrams of the powder was added to 
the test tubes containing different combinations of carbon tetrachloride 
and hexane mixtures. The powder-solvent mixture was shaken on a 
vortex mixer, centrifuged, and allowed to stand for 30 min. The true 
density of the powder was the same as the density ofthe solvent mixture 
in which the powder remained suspended. The density of the solvent 
mixture was determined with a pycnometer at 23' using water to calibrate 
the volume. 


RESULTS AND DISCUSSION 


The relative density uersus pressure plots of the granulations made 


l' A t 
I I I I L 
0 6 12 18 24 


PRESSURE, kg/cma X lo-' 
Figure 3-Plots of ln[ l / ( l  - D)] versus pressure using granulations 
made withpovidone (A,A) and methylcellulose (0,e) as binders. The 
moisture contents at the time of compression were 2.23% forpovidone 
granules and 2.44% for methylcellulose granules. 


with selected binders at different moisture levels are given in Figs. 1 and 
2 (moisture content, 0.77-1.12%) and 3 and 4 (moisture content, 1.95- 
2.44%). The relative density uersus pressure plots of the granulations 
made with hydroxypropyl methylcellulose at  different moisture levels 
are given in Fig. 5. 


As reported previously (4), the relative density uersus pressure plots 
of the granulations made with powder mixtures do not give a typical re- 
lationship, as explained by Heckel (2). According to the Heckel equation 
(Eq. l),  plots of In [ l / ( l -  D ) ]  uersus pressure ( P )  give, on extrapolation, 
the material constant (C), which is identified with the reciprocal yield 
pressure of the material, and the intercept (I), which is identified with 
the movement of particles during the initial stages of compaction: 


In ( - ; D) = CP + I (Es. 1) 


where D (relative density of the compact) is obtained by dividing the bulk 
density at a given pressure by the true density (calculated). However, bulk 
density was determined on granules before compression (no pressure). 


The break in the relative density uersus pressure plots (Figs. 1-5) could 
be attributed largely to the water lubrication effect. At higher pressures, 
the small amount of water in the granulation is squeezed out to the surface 
of the die wall and thus reduces the die wall friction. However, a t  lower 
pressures, the small amount of water in the granules remains in the 


1 I I I L 


PRESSURE, kg/cm2 X lo-' 
0 6 12 18 24 


Figure 4-Plots of ln[ll( l  - D)] versus pressure using granulations 
made with pregelatinized starch ( 0 , O )  and without a binder (A,&. The 
moisture contents at the time of compression were 2.02% for pregela- 
tinized starch granules and 1.95% for granules made without a 
binder. 
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Table 111-Values of Bulk Density, Calculated True Density, and Densification of the Granules Made with Selected Binders 
Containing Different Moisture Contents 


Moisture Bulk Calculated 
Content, Density, True 


Binder % glml Density DO Dn Db 
None 0.77 0.538 1.357 0.396 0.702 0.306 


1.95 0.490 1.354 0.362 0.723 0.361 
Methyl- 0.89 0.490 1.355 0.362 0.647 0.285 


cellulose 2.44 0.420 1.348 0.312 Q692 0.380 
Povidone 1.12 0.521 1.348 0.386 0.671 0.285 


2.23 0.512 1.345 0.381 0.690 0.309 
Pregelatinized 0.79 0.516 1.357 0.380 0.669 0.289 


starch 2.02 0.477 1.351 0.353 0.695 0.342 
Hydrox ro yl 0.75 0.499 1.355 0.368 0.688 0.320 


methgelklose 2.32 0.457 1.348 0.339 0.677 0.338 
3.35 0.446 1.346 0.331 0.696 0.365 


1 I 1 I 


0 6 12 18 24 
PRESSURE, kg/crnl X lo-' 


Figure 5-Plots of ln[ l l ( l  - D)] versus pressure using granulations 
made with hydroxypropyl methylcellulose as a binder. The moisture 
contents at the time of compression were 3.35% (O,B), 2.32% (A,A), 
and 0.75% (O,.). 


granulation and the powder mixtures behave as a single material. In view 
of the water lubrication effect, the first part of the relative density- 
pressure plots could be analyzed by the Heckel equation. 


Table I11 gives the values of the bulk density and the calculated true 
density of the granules made with selected binders containing different 
moisture contents and the three-stage densification values, DO, Do,  and 
Db. These values represent the three-stage densification process that 
takes place: filling the die (Do), individual particle movement and rear- 
rangement (&), and particle deformation after interparticle bonding 
becomes appreciable (D,).  


The D, value was obtained from the measured intercept value, Z (Eq. 
l ) ,  and the relationship: 


D , = l - e - I  (Eq. 2) 


PRESSURE, kglcrn' X lo-' 
Figure 6-Fractional volume compression versus pressure plots of the 
granulation made with hydroxypropyl methylcellulose dried to different 
moisture contents. Key: 0,0.75% moisture; 0,2.32% moisture; and A, 
3.35% moisture. Dotted lines indicate calculated results of Eq. 4. 


The Db value was obtained from the experimental bulk density, DO: 


Db = Do - Do (Eq. 3) 


In agreement with previous results (1,2,4), D, values were higher,than 
Db values, indicating that more densification occurred by granule de- 
formation than by rearrangement and granule movement. However, these 
values did not show significant effect due to differences in the type of 
binder or the percent moisture content. The concentration of binders in 
these formulations was even lower than that used previously (4). 


At lower moisture levels (0.75-1.12%), the values of the apparent ma- 
terial constant, C1 (Table IV), suggest that granules made with methyl- 
cellulm, povidone, and pregelatinized starch are more compressible than 
granules made with hydroxypropyl methylcellulose and without a binder. 
However, a t  higher moisture levels (1.95-2.44%), the values of the ap- 


Table IV-Values of the Apparent Material Constants, C1 and CZ, and Intercept Z of Compacts Made from Granules Containing 
Different Binders 


Moisture Correlation Correlation 
Binder Content. 96 CI. (kdcm2)-l X lo4 I Coefficient C e .  (kdcm2)-1 X lo4 Coefficient 


None 


Methylcellulose 


Povidone 


Pregelatinized 
starch 


Hydroxy ro yl 
meth y ie lhose  


0.77 
1.95 
0.89 
2.44 
i.i2 
2.23 
0.79 
2.02 
0.75 


10.11 
11.07 
11.33 
11.98 
ii.41 
14.10 
11.26 
11.73 
8.24 


1.212 0.999 
1.282 0.994 
1.042 0.994 
1.179 0.991 . _ _ -  ~ 


1.111 0.999 
1.170 0.995 
1.107 1.OOO 
1.186 0.987 
1.164 0.998 


6.77 
5.99 
7.68 
7.59 
8.98 
8.96 
6.89 
6.83 
7.31 


0.979 
0.968 
0.984 
0.986 ~ . _ ~  


0.983 
0.992 
0.982 
0.969 
0.963 


2.32 11.96 1.129 0.989 6.58 0.956 
3.35 13.31 1.190 1.OOO 5.92 0.988 
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Table V-Values of alr 82, k1, and kz of the Compacts Made from 
Granulations Contaming Different Binders 


Moisture 
Content, k 19 kz, 


Binder % a1 a2 kg/cm2 kg/cm2 


None 0.77 0.77 0.23 2.05 482.37 
1.95 0.82 0.17 3.03 355.76 


Methylcellulose 0.89 0.76 0.24 4.25 386.61 
2.44 0.83 0.14 2.63 245.97 


Povidone 1.12 0.74 0.27 1.00 393.22 
2.23 0.82 0.15 9.53 324.32 


Pregelatinized 0.79 0.75 0.25 0.71 420.18 
starch 2.02 0.82 0.16 7.53 315.87 


Hydroxy ro yl 0.75 0.80 0.17 10.10 469.58 
methyEelblose 2.32 0.81 0.18 2.55 392.55 


3.35 0.82 0.19 0.07 368.38 


Table VI-Crushing Strength Change after Overni ht Exposure 
to  Ambient Room Conditions in Tablets Comgressef at 815 kg/ 
cm2 


Binder 


Pregelatinized 
starch 


Povidone 
Methylcellulose 
Hydroxy ro yl 


methy EelE- 
lose 


None 


Moisture 
Content, 


% 


2.02 


2.23 
2.44 
2.32 


1.95 


Crushing 
Initial Strength after 


Crushing Strength, Overnight Exposure, 
Strong-Cobb units Strong-Cobb units 


7.77 f 0.55 


7.6 f 0.6 
7.77 f 2.59 
7.80 f 0.17 


7.73 f 0.32 


10.77 f 0.38 
10.93 f 0.42 
9.33 f 0.68 


5.27 f 1.06 4.27 f 0.86 


parent material constant, C1 (Table IV), suggest that granules made with 
povidone are more compressible than granules made with other 
binders. 


The Cp values, representing the slope of the second linear region (Table 
IV), were obtained under the assumption that the compact above a cer- 
tain pressure ( P )  compresses under the water lubrication effect, thus 
giving a higher yield pressure. A t  lower moisture content, the Cz values 
suggest that the granules made with methylcellulose and povidone are 
more compressible than granules made with other binders. At  higher 
moisture contents, the C2 values suggest that methylcellulose and povi- 
done are also slightly more compressible than granules made with other 
binders. 


In general, the C1 values indicate that the granulations containing lower 
moisture levels are slightly less compressible than thoae containing higher 
moisture levels. However, the CZ values suggest that the lower mois- 
ture-containing granules are slightly more compressible than the higher 


1 I 


0 - ; i  12 18 
PRESSURE, kg/cm' X lo-' 


Figure 7-Tablet crushing strength versus pressure profiles of tablets 
compressed from granulations made with different binders. The mois- 
ture contents of the granules at the time of compression were 0.89% 
(methylcellulose) (V); 0.79% (pregelatinized starch) (A); 1.12% 
(povidone) (0); 0.75% (hydroxypropyl methylcellulose) (0); and 0.77% 
(no binder) (0). 


I 1 I 


0 -  6 12 18 
PRESSURE, kg/cma X lo-' 


Figure 8-Tablet crushing strength versus pressure profiles of tablets 
compressed from granulations made with different binders. The mois- 
ture contents of the granules at the time of compression were 2.23% 
(povidone) (0); 2.02% (pregelatinized starch) (A); 2.32% (hydroxy- 
propyl methylcellulose) (0); 2.44% (methylcellulose) (V); and 1.95% 
(no binder) (0). 
moisture-containing granules. At  higher applied pressures, granules 
containing more moisture may exhibit a barrier to compression due to 
the water lubrication effect, thus making these granules more difficult 
to compress. 


Cooper and Eaton (3) analyzed compression behavior of ceramic 
powders by assuming two largely independent probabilistic processes, 
the filling of large holes and the filling of small pores. The Cooper-Eaton 
equation (Eq. 4) relates the fractional value compression, V*, to the ap- 
plied pressure, P 


v*=-= a1 exp - (kdP) + a2 exp - (k2/P) (Eq. 4) 


VO = initial total volume when no holes are filled 


V ,  = compact volume when all holes of all types are filled 


the theoretical compression that would be achieved 
at  infinite pressure by each particular process 


particular process is most probable 


vo - v 
vo - v, 


where: 


V = compact volume 


a1 and a2 = dimensionless coefficients indicating a fraction of 


kl and kz = coefficients with units of pressure where the 


A 
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PRESSURE, kglcm' X 10" 


Figure 9-Tablet crushing strength versus pressure profiles of tablets 
compressed from granulations made with hydroxypropyl methylcel- 
lulose. The moisture contents of the granules at the time of compression 
were 0.75% (O), 2.32% (0). and 3.55% (A). 
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The fractional volume compression uersus applied pressure plots up 
to the first linear region bf the relative density uersus pressure plots were 
used to calculate the coefficients of the Cooper-Eaton equation (Table 
V). Figure 6 gives the fractional volume compression versus pressure plots 
of the granulation made with hydroxypropyl methylcellulose and dried 
to different moisture contents. The experimental data were fitted to the 
results of the calculations using Eq. 4. The values of the coefficients were 
obtained from the best-fit curves. 


The larger values of the dimensionless coefficient a1 compared to a2 
(Table V) suggest that a large percentage of compression was achieved 
by filling large holes. The sum of coefficients a1 and 0 2  ranged from 0.97 
to 1.01, indicating that compression is achieved by the two probabilistic 
processes of filling large and small holes by rearrangement, fragmenta- 
tion, and plastic flow. 


The coefficient kl gives the pressure needed to fill the large holes. This 
process occurs primarily by particles sliding past one another, which may 
require elastic deformation or even slight fracturing or plastic flow of 
particles. This process occurs at low pressures and is reflected in small 
kl values (Table V). 


The coefficient k p  indicates the pressure needed to fill small voids that 
are substantially smaller than the original particles. These voids can be 
filled by plastic flow or by fragmentation. This process requires high 
pressure, which is reflected in large kz values (Table V). Thus, kz provides 
more information about granulation compressibility since, during the 
rearrangement process, granules do not produce hard compacts. The kz 
values given in Table V indicate that, a t  lower moisture contents, 
methylcellulose- and povidone-containing granules are more com- 
pressible than granules made with the other binden. At higher moisture 
contents, methylcellulose-containing granules are more compressible 
than granules made with other binders. The kp values also suggest that 
the higher moisture-containing granules are more compressible than 
those of lower moisture content. This finding is in complete agreement 
with the C1 values of the Heckel plots (Table IV), which suggest that the 
high moisture granules compress more easily than the low moisture 
ones. 


The tablet crushing strength versus pressure profiles of granulations 
made with the selected binders containing different moisture contents 
are given in Figs. 7-9. At lower moisture contents (0.75-1.12%), methyl- 


cellulose-containing tablets gave higher crushing strengths than those 
made with granules containing other binders. The tablets made from 
granules without a binder were lower in crushing strength than the tablets 
made from granules containing binders. 


At  higher moisture levels (1.95-2.44%), differences in tablet crushing 
strength due to the binders were small (Fig. 8). Povidone-containing 
granules were better in crushing strength only at high pressure. Granules 
without a binder showed lower tablet crushing strengths compared to 
those with different binders. 


Figure 9 compares the tablet crushing strength uersus pressure profiles 
of the tablets compressed from granulations made with hydroxypropyl 
methylcellulose at  different moisture levels. These results clearly show 
that the lower moisture-containing granules gave a higher crushing 
strength compared to the higher moisture-containing granules and that 
these differences became more pronounced as pressure was increased. 


At higher moisture levels, it isimportant to consider the mgisture- 
induced crushing strength increase phenomenon (6). Table VI gives the 
initial crushing strength and the crushing strength after a 24-hr exposure 
to ambient room conditions of tablets compressed at  a given pressure. 
The crushing strength of tablets containing povidone, methylcellulose, 
and hydroxypropyl methylcellulose increased after overnight exposure 
to ambient room conditions. Pregelatinized starch-containing tablets 
did not show any change in crushing strength after overnight exposure 
to ambient room conditions. In the absence of a binder, the tablet 
crushing strength actually decreased after overnight exposure to ambient 
room conditions. 
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Leaching of 2- (2-Hydroxyethylrnercapto) benzothiazole into 
Contents of Disposable Syringes 


MARISA C. PETERSEN *, JOHN VINE $, JOHN J.  ASHLEY *, and 
ROGER L. NATION*X 
Received November 17,1980, from the *Perinatal Pharmacology Laboratory, Foundation 41, The Women’s Hospital, Crown Street, Surry 
Hills, 2010 Australia, and the $Department of Pharmacy, University of Sydney, Sydney, Australia. Accepted for publication March 6,1981. 


Abstract A contaminant was found to leach into the contents of two 
brands of disposable syringes. It was identified as 2-(2-hydroxyethyl- 
mercapto)benzothiazole and is believed to be formed during manufacture 
of the syringes as a result of a reaction between 2-mercaptobenzothiale, 
a rubber vulcanization accelerator, and ethylene oxide, used for steril- 
ization. The contaminant was isolated from the rubber plunger-seal and 
identified using mass, NMR, and UV spectroscopic methods. The amount 
of contaminant appearing in the contents of syringes was measured up 
to 140 gg was found under clinically relevant conditions. This finding has 


important implications with respect to the use of these syringes for drug 
administration and for the collection of blood for drug analyses. 


Keyphrases 2-(2-Hydroxyethylmercapto)benzothiazole-leaching 
into contents of disposable syringes, isolation, identification, and 
quantitation Syringes, disposable-leaching of 2-(2-hydroxyethyl- 
mercapto)benzothiazole, isolation, identification, and quantitation 0 
Contaminants-2-(2-hydroxyethylmercapto)benzothiazole, leaching 
from disposable syringes 


Several previous reports described the problems asso- 
ciated with the leaching of compounds from plastic infu- 
sion bags and giving sets and from blood collection tubes. 
The measurement of drug levels in blood and plasma 
samples for toxicological, therapeutic monitoring, or 


pharmacokinetic purposes may be hampered by such 
contaminants. In addition, the accumulation of plasticizers 
in patients’ organs after transfusion of blood from plastic 
storage bags was reported (1). 


Recently, contamination of blood collected in evacuated 


0022-35491 8 11 1000- 1139$0 1.001 0 
@ 198 1. American Pharmaceutical Association 


Journal of Pharmaceutical Sciences I 1139 
Vol. 70, No. 10, October 7981 








“III I I 


1 2 3 4 5 6 7 8 9 1 0  
ACTUAL FREE FRACTION I X  lo-*) 


Figure 2-Effects of varying degrees of radiochemical impurities 
present in dialysis on the relative error involved in the  determination 
of plasma protein binding of drugs. Key: 0 , l O . O ;  A, 7.5; D,5.0; and V, 
2.5 9; radioch$qmical impurities. 


upward shift of the linear relationship between the ob- 
served versus the actual free fraction. 


However, the relative error on the determination of drug 
protein binding caused by the radiochemical impurities 
varies markedly depending on the actual free fraction; the 
lower the actual free fraction the greater the relative error 
and vice versa. This relative error can be expressed as the 
ratio of the observed to actual free fraction, which indicates 
how many times higher the observed free fraction is than 
the actual free fraction. 


Figure 2 shows a plot of this relative error ratio uersus 
the actual free fraction. It has an expected hyperbolic form 
for any given degree of radiochemical impurities present 
because the independent variable is in the denominator 
of the dependent variable. It can be seen from Fig. 2 that 
the observed free fraction will be -2.3-6.3 times higher 
than an actual free fraction of 0.01 when radiochemical 
impurities vary from 2.5-lo%, while the observed free 
fraction is only -1.1-1.5 times higher than an actual free 
fraction of 0.1 with the same range of radiochemical im- 
purities present. 


The use of a radiolabel containing radiochemical im- 
purities in dialysis for the determination of protein binding 
in clinical pharmacokinetic studies will not only result in 
a wrong value, but it will make all comparisons of binding 
data difficult. Such comparisons are frequently of interest, 
e.g., when evaluating the effects of other drugs or disease 
states on the ]protein binding of drugs or when comparing 
drug binding in different groups of age or sex. This effect 
can be illustraited by two groups of drug binding data with 
average actual free fractions of 0.01 and 0.02. When a ra- 
diolabel with 5% radiochemical impurities is used, this 
100% difference in the actual free fractions will reduce to 
a 28% difference in the free fractions, i.e., the observed free 
fractions will be 0.035 and 0.045. It is likely that a true 
statistically significant difference among various groups 
of binding data may therefore become obscured. Because 
of the significance of drug protein binding in clinical 


pharmacology, it is suggested that radiolabels used for the 
determinations of plasma protein binding of drugs be 
purified prior to dialysis, e.g., by high-pressure liquid 
chromatography, and that the stability of the radiolabel 
be verified postdialysis in both buffer and plasma 
phases. 
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Determination of Renal Clearances 
Using Arterial and Venous Plasma: 
Procainamide in Rabbits 


Keyphrases 0 Procainamide-renal clearance, determination using 
timed-interval method, rabbits 0 Renal clearance-determination of 
procainamide using arterial and venous plasma, rabbits 0 Pharmaco- 
kinetics-determination of renal clearance of procainamide using arterial 
and venous plasma, rabbits 


T o  the Editor: 
The timed-interval method is commonly employed in 


pharmacokinetic studies to determine the renal clearance 
(elr) of a drug compound: 


(Eq. 1) 


where Xt,- , ,  and AUCt,-t, are the amount of the intact 
drug excreted and the area under the plasma concentration 
curve between times t l  and t2, respectively. To date, the 
potential effect of the source of plasma data, either arterial 
or venous, on the estimation of clearance using Eq. 1 has 
rarely been evaluated. The arterial and venous differences 
of six compounds were recently reported (1). The present 


Cl, - X W *  
A UCtI-tz 
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Figure 1-Arterial (0) and venous (e) plasma procainamide concentration following constant intravenous infusion of procainamide hydrochloride, 
52.4 and 92.4 mglhr for 5 hr into rabbit 1 (left) and rabbit 2 (right), respectively. The  arrows indicate the end of each renal clearance determination 
period. 
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Figure %-Venous to arterial renal clearance ratios during and after constant intravenous infusion of procainamide hydrochloride i n  rabbit 1 
( left)  and rabbit 2 (right). The  abscissa represents the number o f  renal clearance determination periods. 
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communication reports the preliminary results of the in- 
fluence of arterial-venous (A-V) differences on the de- 
termination of renal clearance of procainamide in rabbits 
using the described method during and after intravenous 
infusion. 


The right carotid artery and the jugular vein of two 
pigmented male rabbits were catheterized with polyeth- 
ylene tubings after anesthetization with 1.0 g of urethanl 
kgl. A third catheter was placed into the sacral part of the 
vena cava uia the right femoral vein. The tip of the cannula 
was positioned at the junction of the femoral branch and 
was confirmed after termination of the experiment. The 
animals were allowed to recover overnight. Infusion solu- 
tions were prepared by dissolving varied amounts of pro- 
cainamide hydrochloride2 in normal saline before the study 
and were administered to the rabbits by a constant-infu- 
sion syringe pump3 into the jugular vein for 5 hr. Arterial 
and venous blood were collected simultaneously from the 
carotid artery and femoral vein together with urine sam- 
ples at predetermined times during and after infusion. A 
pediatric Forley catheter was introduced into the urinary 
bladder for collection of urine. Distilled water (3 X 20 ml) 
was flushed into the bladder shortly before each collection 
time. An alilquot from the pooled urine and washings was 
collected. Plasma and urine procainamide concentrations 
were determined by a modified HPLC assay (2). 


The plasma profiles of the two rabbits are shown in Fig. 
1. During the infusion arterial plasma levels rose rapidly 
and appeared to reach steady state a t  5 hr. Venous plasma 
levels, however, were lower than the arterial levels a t  all 
times but approached them asymptotically toward the end 
of the infusion. Both curves began to drop with the venous 
curve being higher than the arterial curve shortly after the 
infusion. During the terminal phase, both curves decayed 
virtually parallel to each other with mean venous to arterial 
(VIA) ratios of -1.6 for both rabbits. 


Renal clearances were determined by Eq. 1 and the re- 
sultant VIA clearance ratios are shown in Fig. 2. Renal 
clearance measurements using venous data resulted in 


1 Sigma Chemical Co., St. Louis, Mo. 


3 Model 341, Sage Instruments, Cambridge, Mass. 
Courtesy of American Critical Care, McCaw Park, Ill. 


persistently higher values during infusion and lower values 
postinfusion than arterial data. 


By definition, renal clearance is defined as the virtual 
volume of arterial plasma flowing into the kidney com- 
pletely cleared of drug per unit of time. The drug concen- 
trations in the systemic arterial plasma can be considered 
practically identical at any time. Therefore, it seems only 
appropriate that Eq. 1 is used with arterial plasma data, 
unless there is no significant A-V difference. Our results 
suggest that venous data gave rise to overestimation of 
renal clearance during infusion and underestimation 
postinfusion. At steady state, both arterial and venous 
plasma levels appeared to be identical (Fig. 1); hence, no 
difference in renal clearance estimate is to be expected 
from using either data. 


The problem of venous sampling in clearance mea- 
surements was pointed out earlier (3) and was the subject 
of a recent review (4). Since relatively little effort has been 
directed toward the differentiation of arterial and venous 
blood data in pharmacokinetic analysis, our data provided 
evidence of the existence of significant A-V differences 
(Fig. 1) and its consequences (Fig. 2) in renal clearance 
estimations. It is our opinion that sampling arterial plasma 
is preferred in renal clearance studies in animals using the 
described timed-interval method. Nevertheless, venous 
sampling could be useful when employing steady-state 
infusion or multiple dosing (area during a dosing interval 
at steady state) methods. The latter methods should be of 
special value in human studies where the risk of arterial 
sampling can be avoided. 


(1) W. L. Chiou, G. Lam, M. L. Chen, and M. G. Lee, Res. Commun. 
Chem. Pathol. Pharmacol., 32,27 (1981). 


( 2 )  M. A. F. Gadalla, G. W. Peng, and W. L. Chiou, J. Pharm. Sci., 67, 
869 (1978). 


(3) C. Brun, T. Hilden, and R. Raaschou, J .  Clin. Invest., 28, 144 
(1949). 


(4) W. L. Chiou and G. Lam, Znt. J .  Clin. Pharmacol. Ther. Toxicol., 
in press. 


Gilbert Lam 
Win L. Chiou" 
Department of Pharmacy 
College of Pharmacy 
University of Illinois at the 


Medical Center 
Chicago, IL 60612 
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Table I-Antimicrobial Activity of Phenolic Constituents of M. grandiflora L. 


Zone Diameter, mm 
Compound B. subtilis S. aureus M. smegmatis C.  albicans S. cerevisiae A. niger T. mentagrophytes 


I 8 7 15 6 12 6 17 
I1 9 10 12 6 12 8 20 
I11 7 6 13 2 15 1 15 


4 IV 1 2 
3 V 


Streptomycin sulfate 10 7 17 NTa NT NT NT 


- 4 
3 


- - 
- - - - - 


Amphotericin B NT NT NT 4 5 3 4 


Not tested. 


Table 11-Minimum Inhibitory Concentrations (Micrograms Der Milliliter) of Phenolic Constituents of M. mandiflora L. a 


Compound B. subtilis S. aureus M. smegmatis C.  albicans S. cerevisiae A .  niger T. mentagrophytes 


I 5 (5) 5 (5) 5 (5) 30 (30) 10 (10) 30 (30) 2.5 (2.5) 
I1 5 (5) 10 (10) 7.5 (7.5) 30 (30) 10 (10) 30 (30) 2.5 (2.5) 
I11 2.5 (2.5) 2.5 (2.5) 2.5 (2.5) NT 10 (10) NT 1.25 (1.25) 


Streptomycin sulfate 10 (10) 10 (10) 2.5 (1.25) NT NT NT NT 
Amphotericin B NT NT NT 5 (5) 2.5 (2.5) 30 (30) 15 (15) 


Numbers in parentheses refer to values obtained on duplicate testing. * Not tested. 


creased to either 30 or 60 pglml. 
The MIC was taken as the lowest concentration that inhibited growth 


after 24 or 48 hr of incubation. Tubes inoculated with B. subtilis and S. 
aureus were incubated at 37" for 24 hr, while tubes inoculated with M.  
smegmatis were incubated at  37" for 48 hr. Tubes inoculated with fungi 
and yeasts were incubated at  30" for 48 hr. Streptomycin sulfate' and 
amphotericin B2 were used as standard antibiotics for comparison with 
the phenolic compounds. 
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Abstract 0 3-Substituted 5-methyl-l-(p-[(3,5-dimethyl)pyrazol-l-yl]-, 
5-methyl-l-(p-[(5-methyl-3-carboxy)pyrazol-l-y1]-, l-(p-[(3-methyl- 
5-phenyl)pyrazol-l-y1]-, and l-(p-[(3-methyl-4-bromo-5-phenyl)pyra- 
zol-1-yl]benzenesulfonyll-2-thiohydantoin and their 5-methyl-2-thio- 
hydantoin and 5,6-dihydro-4(3H)-oxo-2( 1H)-pyrimidinethione deriv- 
atives were prepared for evaluation as hypoglycemic agents. Biological 
testing showed that some of these compounds possessed antidiabetic 
activity. 


Keyphrases 0 Cyclic sulfonylthiourea derivatives-preparation and 
evaluation for antidiabetic activity, IR and PMR spectroscopy IR 
spectroscopy-identification of cyclic sulfonylthiourea derivatives, 
antidiabetic activity in mice Antidiabetic activity-synthesis and 
evaluation of cyclic sulfonylthiourea derivatives, identification by IR 
spectroscopy 


In spite of the low hypoglycemic effect of substituted 
pyrazolesulfonylthiourea derivatives (1-3), their cyclic thio 
analogs showed potent antidiabetic activity (1). This 


finding initiated the synthesis of new cyclic pyrazolesul- 
fonylthio analogs1 for the evaluation of their antidiabetic 
effect. 


EXPERIMENTAL* 


Substituted p -  [ (3,5-dimethyl)pyrazol-l-y1] -, p -  [ (5-methyl-3- 
carboxy)pyrazol- 1-yl] -, p - [ (3-methyl-5-phenyl)pyrazol-l-y1] -, and p - 
[ (3 -methyl4 - bromo- 5-pheny1)pyrazol-1- yl]benzenesulfonylthiourea 
derivatives were prepared by the treatment of their corresponding p -  
sulfamylphenylpyrazole derivatives with the appropriate isothiocya- 
nates. 


Application for a patent was made for compounds described in this report. * 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 was 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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9. SO,--NKN--R, 


f i o  
Table I-3-Substituted li-Methyl-l-{p-[(3,5-dirnethyl)pyrazol-l-y1]- and 
[ (5-Methyl-3-carboxy)pyrazol-l-yl] benzenesulfonyl)-2-thiohydantoins H F  


Yield, Melting Analysis, % 
Compound R Ri % Point Formula Calc. Found 


CHFCHCH~ 70 165' CisHzoN403Sz c 53.5 53.5 
H 5.0 5.3 
N 13.9 14.0 


15.6 S 15.8 
53.4 C 53.2 


H 5.4 5.2 
N 13.8 13.7 


16.0 S 15.8 
%Hi1 75 175' CziHz6N403Sz C 56.5 56.8 


6.0 CH3 H 5.8 
N 12.6 12.6 
S 14.3 14.0 


p-CH3C6H4 65 230" CzzHzzN403Sz C 58.1 58.0 
H 4.8 5.0 
N 12.3 12.3 


14.1 S 14.1 


4.9 H 4.8 
N 12.3 12.5 


14.1 S 14.1 


H 4.6 4.6 
N 12.8 13.0 
S 14.7 14.7 


70 144' CisHzzN405Sz C 50.7 51.0 
H 4.9 4.8 
N 12.4 12.5 


14.0 S 14.2 
65 171' C Z I H Z ~ N ~ O &  C 52.9 53.1 


5.2 C6Hll H 5.0 
N 11.8 12.0 
S 13.4 13.1 


IIa CH3 


65 216' CisHzzN403Sz IIb CH3 CHdCHz)z 


IIC 


IId CH3 


IIe CH3 70 140' CzzHzzN403Sz C 58.1 57.9 


65 210' CisHzoN405Sz c 49.5 49.7 


CsH5CHz 


IIIa COOH CHdCHz)z 


IIIb COOH C&(CHz)3 


IIIC COOH 


3-Substituted 5-methyl- 1-(p -[ (3,5-dimethyl)pyrazol- 1 -yl] - and 5- 
methyl-1-(p -[ (5 - methyl-3-carboxy)pyrazol- 1 - yl] benzenesulfonyl)-2- 
thiohydantoins (I1 and 111, Scheme I) were prepared by refluxing an 
alcoholic solution of the appropriate thiourea derivative with ethyl 
a-bromopropionate. The intermediate pseudothio derivatives underwent 
rapid rearrangement with the formation of 2-thiones. Their IR spectra 
showed a characteristic absorption band at 1120-1140 cm-', indicative 
of C=S, and at 1300 cm-', indicative of C-N (amide I11 band). 


3-Substituted 1-(p -[ (3-methyl-5-phenyl)pyrazol-l-y1] - and 1-1~- [(3- 
methyl-4-bromo-5-phenyl)pyrazol- 1 - yl] benzenesulfonyl)-2-thiohy- 
dantoin (VI and VII, Scheme 11) and their 5-methyl-2-thiohydantoin 
(VIII and IX, Scheme 11) and 5,6-dihydro-4(3H)-oxo-2(1H)-pyrimi- 
dinethione (X and XI, Scheme 11) derivatives were prepared by refluxing 
an alcoholic solution of the appropriate thiourea derivative with ethyl 
bromoacetate, ethyl a-bromopropionate, and ethyl P-bromopropionate, 
respectively. The intermediate pseudothio derivatives underwent rapid 
rearrangement with the formation of the 2-thiones. 


R 


I 
S0,NHCS NH R, 


I 11: R = CH, 


Scheme I 
111: R = COOH 


&f 1 


S0,NHCSNHR 
IV: X = H 


VI: X = H 
VII: X = Br 


1 
u 


VIII: X = H X : X = H  
XI: X = Br IX: X = Br 


Scheme II 
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Table 11-3-Substituted 1-(p-[ (3-Methyl-5-phenyl)pyrazol-l-y1] and 
[ (3-Methyl-4-bromo-5-phenyl)pyrazol-l-yl]benzenesulfonyl~-2-thiohydantoins 


Yield, Melting Analysis, % 
Compound R X 90 Point Formula Calc. Found 


VIa 


VIb 


VIC 


VId 


VIe 


V I f  


VIIa 


VIIb 


VIIC 


VIId 


VIIe 


VIIIU 


VIIIb 


VIIIC 


VIIId 


IXa 


H 


H 


H 


H 


Br 


Br 


Br 


Br 


Br 


H 


H 


H 


H 


Br 


70 


50 


60 


70 


65 


55 


65 


60 


70 


70 


60 


60 


55 


65 


65 


65 


167" 


175" 


115' 


215" 


168" 


2220 


175O 


162' 


208" 


240" 


168" 


194' 


178" 


198" 


218' 


215' 


c 57.3 
H 4.5 
N 12.7 
S 14.5 
C 58.4 
H 4.4 
N 12.4 
S 14.2 
C 59.0 
H 5.1 
N 12.0 
S 13.7 
C 60.7 
H 5.3 
N 11.3 
S 13.0 
C 62.2 
H 4.4 
N 11.2 
S 12.7 
C 62.2 
H 4.4 
N 11.2 
S 12.7 
C 48.6 
H 3.7 
Br 15.4 
N 10.8 
S 12.3 
C 50.5 
H 4.2 
Br 14.6 
N 10.2 
S 11.7 
C 52.4 
H 4.4 
Br 14.0 
N 9.8 s 11.2 
c 53.7 
H 3.6 
Br 13.8 
N 9.6 s 11.0 
c 53.7 
H 3.6 
Br 13.8 
N 9.6 s 11.0 
C 58.1 
H 4.8 
N 12.3 
S 14.1 
C 59.8 
H 5.4 
N 11.6 
S 13.3 
C 61.4 
H 5.5 
N 11.0 
S 12.6 
C 62.8 
H 4.7 
N 10.9 
S 12.4 
C 49.5 
H 3.9 
Br 15.0 
N 10.5 
S 12.0 


57.4 
4.3 


12.6 
14.6 
58.2 


4.4 
12.5 
14.0 
59.1 


5.2 
12.2 
13.4 
60.8 


5.1 
11.4 
13.2 
62.3 


4.5 
11.2 
12.8 
62.4 


4.2 
11.2 
12.9 
48.7 


3.5 
15.2 
11.0 
12.5 
50.5 


4.1 
14.2 
10.4 
11.8 
52.5 


4.2 
14.1 
9.6 


11.3 
53.6 


3.4 
13.7 
10.0 
11.2 
53.6 


4.0 
14.0 
9.5 


11.3 
58.2 


4.7 
12.1 
14.2 
60.0 


5.2 
11.4 
13.1 
61.3 


5.6 
11.2 
12.5 
62.4 


4.5 
11.0 
12.2 
49.4 


4.1 
15.1 
10.3 
12.3 
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Table 11-Continued 


Yield, Melting Analysis, ?b 
Compound R R1 X % Point Formula Calc. Found 


Br 14.3 14.2 
N 10.0 10.2 
S 11.4 11.1 


H 4.6 4.4 
Br 13.6 13.7 
N 9.5 9.3 
s 10.9 11.2 


H 3.9 3.7 
Br 13.4 13.1 
N 9.4 9.7 s 10.8 11.0 


IXC CH3 C6Hll Br 65 225' Cz~Hz~BrN403S~ C 53.2 53.4 


IXd CH3 p-CH3CaH4 Br 70 245' C Z ~ H Z ~ B ~ N ~ O ~ S Z  c 54.5 54.3 


S02-N ' A  N-R 


u o  
Table 111-3-Substituted l-(p-[(3-Methyl-5-phenyl)pyrazol-l-yl] and 3-Methyl-4-bromo- 
5-pheny1)pyrazol-1 -yl]benzenesulfonyl)-5,6-dihydro-4(3H)-oxo-Z( 1 W)-pyrimidinethiones 


Compound R 
Yield, Melting 


X 96 Point Formula 
Analysis, % 


Calc. Found 


S 13.3 13.3 
Xb C6Hll H 70 228' Cz~Hz~N403Sz C 61.4 61.4 


H 5.5 5.3 
N 11.0 11.2 
S 12.6 12.2 


xc p-C&C& H 65 255' C Z ~ H Z ~ N ~ O ~ S ~  C 62.8 62.6 
H 4.7 4.7 
N 10.9 10.7 
S 12.4 12.3 


Xd CsHsCHz H 65 220' Cz~H~N403Sz C 62.8 62.5 
H 4.7 4.4 
N 10.9 11.1 
S 12.4 12.6 


H 3.9 4.1 
Br 15.0 15.1 
N 10.5 10.4 
s 12.0 12.3 


H 4.6 4.5 
Br 13.6 13.4 
N 9.5 9.6 s 10.9 11.2 


XIC P-CH3C6Hr Br 70 198' C Z ~ H Z ~ B ~ N ~ O ~ S Z  c 54.5 54.2 
H 3.9 3.7 
Br 13.4 13.2 
N 9.4 9.3 s 10.8 10.5 


H 3.9 3.6 
Br 13.4 13.7 
N 9.4 9.2 
s 10.8 10.7 


XIa CZH5 Br 70 222' CzzHz1BrN403Sz c 49.5 49.4 


XIb C6Hll Br 65 230' C~Hz7BrN403Sz C 53.2 53.3 


XId CsHsCHz Br 65 225' Cz~Hz3BrN403Sz c 54.5 54.3 


In addition to the two bands of the -S02N< group at  1330-1355 and 
1155-1180 cm-l, the IR spectra of VI and VII revealed a secondary car- 
bony1 amide absorption at 1740-1755 cm-' and a C=S band at  1100-1120 
cm-1. 


The IR spectra of VIII and IX revealed, in addition to the two bands 
of the -SOzN< group at  1330-1350 and 1160-1190 cm-l, a secondary 
carbonyl amide absorption at 1740-1752 cm-' and a C=S band at 
1090-1110 cm-l. 


The IR spectra of X and XI revealed a secondary carbonyl amide ab- 
sorption at  1640-1665 cm-' and a C=S band a t  1080-1100 cm-' in ad- 


dition to the two bands of the S 0 2 N <  group at  1330-1350 and 1160-1180 
cm-l. 


Synthesis of I1 and 111-A mixture of p-[(3,5-dimethyl)- or p-[(5- 
methyl-3-carboxy)pyrazol-l-yl]benzenesulfonylthiourea (I, 0.01 mole) 
and ethyl a-bromopropionate (0.011 mole) in absolute ethanol (50 ml) 
was refluxed with stirring for 4-6 hr, concentrated, and allowed to crys- 
tallize. The products obtained were recrystallized from ethanol (Table 
I). 


Synthesis of VI and VII-A mixture of p-[(3-methy1-5-phenyl)- or 
p-[(3-methyl-4-bromo-5-phenyl)pyrazol -1- yl]benzenesulfonylthiourea 
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Table IV-Antidiabetic Activity of Substituted Cyclic 
Sulfonylthiourea Derivatives 


Reduction in 
Plasma Glucose Level Statistical 


Compound Control, % Value of p 
Compared with Significance 


P henformin 
IIC 


IIIc 
VId 


VIIc 
vIiiC 


IXC 
Xb 


XIa 


10 <0.01" 
1.5 0.05 
4.5 <0.05" 
3.0 <o.o1a 
2.0 0.05 
8.0 <0.01" 
4.0 <0.01" 
2.0 0.05 
4.0 <0.01a 


a Statistically significant. 


(IV or V, 0.01 mole) and ethyl bromoacetate (0.011 mole) in absolute 
ethanol (50 ml) wasrefluxed with stirring for 4-6 hr, concentrated, and 
allowed to crystallize. The products obtained were recrystallized from 
ethanol (Tabie 11). 


Svnthesis of VIII and IX-A mixture of IV or V (0.01 mole) and ethvl 
a-biomopropionate (0.011 mole) in absolute ethanol'(50 ml) was refluxid 
with stirring for 6-8 hr, concentrated, and allowed to crystallize. The 
products obtained were recrystallized from ethanol as colorless needles 
(Table 11). 


Synthesis of X and XI-A mixture of IV or V (0.01 mole) and ethyl 
@-bromopropionate (0.011 mole) in absolute ethanol (50 ml) was refluxed 
with stirring for 6-8 hr, concentrated, and allowed to crystallize. The 
products were recrystallized from 95% ethanol as colorless needles (Table 
111). 


In addition to the aromatic protons at  6 7.0-8.1, the PMR spectra of 
VIc showed a multiplet a t  6 0.8-1.7 for the (CH& protons of the butyl 
group together with the methylene group of the cyclic ring, a singlet a t  
6 2.4 characteristic of the methyl group at C-3 of the pyrazole ring, a 
singlet a t  6 1.3 for the CH3 of the butyl group, and a singlet a t  6 6.4 for the 
proton at C-4 of the pyrazole ring. 


In addition to the aromatic protons at 6 6.8-7.9, the PMR spectra of 
XIc showed a singlet at 6 2.3 for the two methyl groups together with the 
two methylene groups of the cyclic ring. 


DISCUSSION 


Biological Testing-Compounds IIc, IIIc, VId, VIIc, VIIIc, IXc, Xb, 
and XIa were tested for hypoglycemic activity using alloxanized female 
albino mice weighing 20-25 g. Alloxan, 100 mg/kg of body weight, was 
injected into the tail vein in saline solution (10 mg/ml). Three days later, 
the mice were given the test compounds orally in suspension in 1% car- 
boxymethylcellulose sodium at  the rate of 0.2 mmole/kg of body 
weight. 


Each day, four mice were used as a control group and one group of four 
mice was given the standard drug phenformin in a dose of 100 mg (0.4 
mmole)/kg of body weight. Up to six groups of four mice received test 
compounds. Blood samples were taken at  0, 1, and 3 hr. 


Blood was collected into 0.04% NaF solution. Glucose was determined 
by the microcolorimetric copper reduction technique of Haslewood and 
Strookman (4). Results are expressed as a percentage reduction of plasma 
glucose level compared to the control value. 


Statistical Significance-Statistical significance was assessed using 
the Student t test. Statistical significance was accepted where the cal- 
culated t value exceeded the tabulated t value at  the 0.05 level. 


From the data presented in Table IV, it is obvious that VIII possesses 
marked hypoglycemic activity. While IIIc, IXc, and XIa possess only 
moderate hypoglycemic activity, the potency of these compounds is more 
than their corresponding thiourea analogs. 
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Abstract Selected homologs, analogs, and acylated derivatives of 
spermine and spermidine, together with several heterocyclic and aromatic 
compounds containing a novoldiamine side chain, were prepared and 
evaluated biologically. Several compounds possessed activity against B-16 
melanoma and human epidermoid carcinoma of the nasopharynx. 


Keyphrases Polyamines-synthesis of derivatives, cancer chemo- 
therapy 0 Chemotherapy-synthesis of polyamine derivatives for cancer 
chemotherapy 0 Derivatives-polyamines, synthesis, cancer chemo- 
therapy 


The importance of many naturally occurring poly- 
amines, such as putrescine, spermidine, and spermine, to 
the growth of living cells is well established (1-4). It was 
reported recently that increased amounts of certain 
polyamines were found in rapidly proliferating biological 
systems (e.g. ,  chick embryo cells, rat regenerating liver 
cells, and wound-healing tissues) (5-lo), as well as in 


neoplastic cells of animals and humans (11-16). The higher 
polyamine levels are believed to be contributed by orni- 
thine decarboxylase activity in these tissues (17). Elevated 
polyamine levels also were detected in the urine of cancer 
patients (18-20). The high excretion level of polyamines 
declined when the patients were in remission, and che- 
motherapy treatment with methotrexate, cytosine ara- 
binoside, 5-azacitidine, or fluorouracil resulted in poly- 
amine depletion in tumor cells (21-23). 


Since cellular protein synthesis is affected by polyamines 
at the transcription and translation level (24) and at least 
one role of polyamines is to organize the structure and 
activity of tRNA (25), it was postulated that properly de- 
signed analogs of polyamines could be useful in oncology 
studies. This concept was substantiated by previous re- 
ports (26-29) that some spermine and spermidine analogs 
of both synthetic and plant origin demonstrated inter- 
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Abstract 0 A stability-indicating UV assay was developed for xilobam, 
a member of a new class of CNS agents. The method was specific, precise, 
and accurate. TLC and high-pressure liquid chromatography were used 
to support method specificity. Xilobam is sensitive to heat, moisture, and 
basic conditions. The degradation products were identified as N- 
methylpyrrolidone, 2,6-dimethylaniline, and N,N’-bis(2,6-dimethyl- 
phenyllurea. At high temperatures, the incorporation of molecular sieves 
into glass bottles of xilobam tablets was effective in preventing decom- 
position caused by moisture or volatile decomposition products. 


Keyphrases Xilobam-analysis, determination of decomposition 
products, stability assessment 0 CNS agents-xilobam, analysis, de- 
termination of decomposition products, stability assessment 0 Decom- 
position products-xilobam, analysis, stability assessment 0 Muscle 
relaxants-xilobam, analysis, determination of decomposition products, 
stability assessment 


Xilobam, N- (2,6-dimethylphenyl) -N’- (1-methyl-2 - 
pyrrolidinylidene)urea, a new class of central nervous 
system agents, is being evaluated clinically as a skeletal 
muscle relaxant (1,2). Xilobam is a sparingly soluble base 
with a spectrophotometrically determined pKa of 6.1. A 
stability-indicating assay was required to evaluate drug 
safety supplies and clinical dosage forms. To develop the 
method, it was necessary to know the various degradation 
products of xilobam. The isolation and identification of 
these degradation products and the development of a rapid 
spectrophotometric assay for xilobam are described. 
Preliminary stability data and the identification of deg- 
radation products are given for a tablet dosage form. 


EXPERIMENTAL 


Apparatus-UV spectra were obtained using 1-cm cells on a dou- 
ble-beam spectrophotometer’. TLC plates (5 X 20 cm) were silica gel2. 
The liquid chromatograph3 was equipped with a UV detector (254 nm), 
a 6OOO-psi pump, and a loop injector. The column was 25 cm X 2 mm i.d. 
stainless steel, slurry-packed with a reversed-phase Cia packing4. The 
mobile phase was 0.1% ammonium carbonate-acetonitrile (6040) with 
a l.O-ml/min flow rate. 


Chemicals-Solvents were analytical reagent grade. Reference 
standards of the degradation products were obtained5. The acetonitrile6 
was distilled-in-glass quality. The molecular sieves were type 4A pellets7 
(a synthesized sodium alumino silicate). 


Xilobam Degradation-Xilobam was dissolved or mixed separately 
in 1 N HC1,l N NaOH, and water at a concentration of 10 mg/ml. The 
samples were heated at 80 f 2* for 24 hr. 


The tablet degradation products were extracted with methanol, 
chromatographed on TLC plates, isolated, and identified by IR and NMR 
spectroscopy and mass spectrometry. 


Intermediate Identification-A 12.5-mg/ml solution of xilobam in 
methanol was prepared. Aliquots (4 ml) of the solution were diluted 
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separately to 50 ml with pH 4.0 and 7.0 citrate-phosphate buffers. The 
solutions were equilibrated with 50 ml of toluene at  80° for 4 hr. The 
toluene layers were separated and washed with 0.1 N HCl to remove re- 
sidual xilobam and any 2,6-dimethylaniline. 


The toluene layers were dried over magnesium sulfate and then ana- 
lyzed by TLC and UV and IR spectroscopy. rn-Chloroaniline was added 
to the toluene layers in excess, and the mixtures were allowed to stand 
for 2 days. The precipitate was filtered, dried, and assayed by electron- 
impact mass spectrometry. A control of 2,6-dimethylphenyl isocyanate 
in toluene was run simultaneously. 


TLC-Xilobam was dissolved in methanol, and the degradation 
compounds were dissolved in methanol or methanol-chloroform (1:l). 
The TLC chambers were 2-liter, wide-mouth Mason jars fitted with 
standard lids. The developing solvent was 0.2 M sodium acetate buffer 
(adjusted to pH 4.7)-methanol-chloroform-ethyl acetate (2.517.55327). 
Each plate was developed until the solvent front was -2.5 cm from the 
top of the plate. The plates were air dried and viewed under short 
wavelength UV light or stained with iodine vapor. 


Stability-Indicating Assay-A sample equivalent to 100 mg of 
xilobam was transferred to a 120-ml screw-capped bottle to which were 
added exactly 50 ml of chloroform and 25 ml of 0.1 N NaOH. The bottle 
was shaken mechanically for 30 min and centrifuged, and the aqueous 
layer was aspirated and discarded. The chloroform layer was transferred 
to a clean container. A 15-ml aliquot of the chloroform layer was pipetted 
to a 100-ml volumetric flask, diluted to volume with chloroform, and 
mixed. 


A 5-ml aliquot of the diluted chloroform solution was pipetted into a 
60-ml screw-capped bottle containing exactly 8 ml of cyclohexane. A 
50-ml aliquot of 0.1 N HCl was pipetted into the bottle, and the bottle 
was capped, shaken mechanically for 30 min, and centrifuged. The acid 
layer was decanted to a clean container. 


A 6-ml aliquot of the acid layer was pipetted into a 25-ml volumetric 
flask, diluted to volume with 0.1 N NaOH, and mixed. The UV absorb- 
ance of the sodium hydroxide solution was recorded in 1-cm cells uerssus 
a solvent blank of 0.1 N NaOH. 


A 100-mg sample of xilobam reference standard was treated as were 
the test samples, and its spectrum was recorded at the same time as the 
test samples. 


The calculation was: 


(Eq. 1) percent of label amount = - X 100 


where A,, and A, are the absorbance of the sample and standard, re- 
spectively, at the maximum near 245 nm and C, and C, are the concen- 
trations in milligrams per milliliter of the sample and standard, respec- 
tively. The molar absorptivity a t  the maximum is -23,500. A minimum 
occurs a t  225 nm with a molar absorptivity of -9100. 


Specificity Study-All possible degradation products (Table I) were 
taken through the UV assay at  a molar concentration equivalent to 100 
mg of xilobam. The various tablet excipients that might be present also 
were assayed. 


Precision, Accuracy, and Recovery-A stock solution of xilobam 
(25.27 mg/ml in methanol) was prepared. A 5-ml aliquot was added to 
a 120-ml screw-capped bottle, evaporated to dryness under a nitrogen 
stream, and assayed. 


While the test samples were being assayed, a 4-ml aliquot of the stock 
solution was diluted to the same final concentration and solvent com- 
position as the test samples. To assess recovery, the absorbances of these 
solutions were recorded and compared to the test sample absorbances. 


In addition, samples of 20 tablets, each containing 200 mg of xilobam, 
were ground to a fine powder. Triplicate samples were weighed and as- 
sayed, and the mean and standard deviation were calculated. 


High-pressure Liquid Chromatography (HPLC) AnaIysis- 


A,Cs 
AsCw 


778 I Journal of Pharmaceutical Sciences 
Vol. 70, No. 7, July 1981 


0022-35491 8 11 0700-0778$0 1.001 0 
@ 1981, American Pharmaceutical Association 







Table I-TLC Rc Values and  HPLC Retention Times for  
Xilobam and Degradation Products 


HPLC 
Retention 


Times, 
Compound TLC,Rf min 


Xilobam 0.61 2.1 
1 -Methyl-2-iminopyrrolidine fluoroborate 0.0 - 
N,N'-Bis( 2,6-dimethylphenyl)urea 0.34 1.2 
2,6-Dimethylaniline 0.77 3.3 
N-Methylpyrrolidone 0.55 - 
N-(2,F~-DimethylphenyI)methyl carbarnaten 0.74 2.6 
N-(2,6-Dimethylphenyl)ethyl carbamate" 0.75 2.6 


The carbamates are not degradation products but result from reaction of 
2,6-dimethylphenyl isocyanate with methanol and ethanol, respectively. 


Table 11-Results of Precision and  Accuracy Study 


Percent of Label Amount 
Analyst Solution Tablets 


1 


2 


3 


Mean 
SD 


96.8,96.5 
95.3, 95.4 
98.7,99.4 
99.3 
98.1,98.0 
97.6 
97.5 


1.48 


96.1.95.5 
95.6 
99.2,gg.l 
98.9 
97.6,97.6 
97.5 
97.5 


1.46 


Table 111-Recovery Data  for  Xilobam through the  Assay 


Absorbance a t  Maximum near 245 nm 
Analyst Through Assay Diluted Directly 


1 0.715 0.700 
0.713 0.704 
0.704 0.709 
0.705 0.709 


Mean 
S D  


0.709 
0.714 
0.713 
0.712 


0.7i2 
0.707 
0.709 
0.695 


0.7 11 0.700 
0.708 0.703 
0.710 0.705 
n.nn4 n nn.5 


Liquid samples were diluted with methanol to a concentration of -1 mg 
of xiloham/ml. A 5-ml aliquot was pipetted into a 10-ml volumetric flask, 
4 ml of the internal standard solution was added, and methanol was added 
to volume. A 1O-fil sample was injected into the chromatograph. 


The internal standard was N-(3-chlorophenyl)-N'-(l-methyl-2-pyr- 
rolidy1idene)urea at  a concentration of 2 mg/ml. Standard curves were 
obtained by plotting the peak height ratio uersus concentration. 


pH Stability Profile-A stock solution of xilobam (5 mg/ml in 
methanol) was prepared, and 4 ml was diluted to 0.1 mg/ml with buffers 
of varying pH. Potassium chloride-hydrochloric acid solutions were used 
for pH 1.0, citrate-phosphate buffers were used for pH 2.2-7.0, and gly- 
cine-sodium hydroxide buffers were used for pH 9.0-1 1.0. The solutions 
were stored at  60,70, and SOo and were assayed for xilobam by the UV 
method. 


RESULTS AND DISCUSSION 


Solution Degradation Product Identification-The acidic, basic, 
and aqueous hydrolysis solutions were assayed by HPLC, and assay 
values of 90,0, and 0% of xilobam were obtained, respectively. By HPLC, 


Table IV-Decomaosition Rate  Constants of Xilobam a 


Table V-Estimated Time fo r  10% Decomposition at Room 
Temperature  for Xilobam Solutions 


PH 


2.2 
7.0 


16.1 
R l  


the acidic solution gave a very large peak, which corresponded to 2,6- 
dimethylaniline, and two minor peaks close to the solvent peak. Sufficient 
solution was collected by semipreparative HPLC of the major peak, 
evaporated to dryness, and recrystallized; the residue was determined 
to be 2,6-dimethylaniline by its IR spectrum. 


The basic and aqueous solutions both contained a precipitate. The 
precipitates were identified as N,Nf-bis(2,6-dimethyIphenyl)urea by IR 
and mass spectrometric analyses. The solution was chromatographed 
by HPLC, and the major peak was collected and purified as described. 
The material was identified as 2,6-dimethylaniline by IR spectropho- 
tometry. 


Intermediate Identification-The intermediate in xilobam de- 
composition was postulated to be 2,6-dimethylphenyl isocyanate. To 
prove this assumption, the intermediate was trapped by partitioning into 
toluene while xilobam was decomposed in the pH 4.0 and 7.0 solutions. 
The pH values represented hydrogen-ion concentrations on either side 
of the pKa of xilobam, which was determined spectrophotometrically 
to be 6.1. If different decomposition pathways occurred, it was anticipated 
that the different intermediates would be isolated. 


The UV and IR spectra of the dried toluene layer were identical to 
those of 2,6-dimethylphenyl isocyanate treated similarly. TLC of the 
toluene layers, mcluding the control, gave one spot each with an R/ value 
of -0.75, corresponding to the carbamate, formed by the in situ reaction 
with the alcohol in the mobile phase. Table I lists the R/ values of the 
various degradation products separated from xilobam. The 2,6-di- 
methylphenyl isocyanate readily forms a methyl carbamate when treated 
with methanol. To test definitely for the isocyanate, 3-chloroaniline was 
added to the toluene layer. The precipitate was identified as 2,6-di- 
methylphenyl-3-chlorophenylurea. This compound could be formed only 
if the isocyanate was present in the toluene layer. 


UV Assay Specificity-To verify assay specificity, each degradation 
product listed in Table I was assayed. There was no interference from 
any degradation product. Assay of the common tablet excipients also 
showed no UV interference. 


Precision, Accuracy, and  Recovery-Three analysts, to whom the 
stock solution concentration was unknown, assayed the solutions (Table 
11). The data show that the method is precise, since the standard deviation 
was f 1.48, and accurate, since the mean value was 97.5% of the theoretical 
value. A precision study also was conducted on a composite sample ob- 
tained by grinding 20 tablets. The mean from nine assays was 97.5% of 
the label amount with a standard deviation of 1.46. 


The efficiency of the extraction was demonstrated by assaying portions 
of the stock solution and comparing the resulting absorbances to other 
portions simultaneously diluted to the same final concentration and 
solvent composition. The data are compared in Table 111 and indicate 
complete xilobam extraction. 


Drug Substance Stability-Crystalline xilobam was stable for up 
to 3 months at  40,60, and 40' at 80% relative humidity (RH) when stored 
in tight containers. Xilobam decomposed completely and rapidly at  80°. 
The major degradation product was identified as N,N'-bis(2,6-dimeth- 
ylpheny1)urea. 


pH Stability Profile-Decomposition of xilobam in solution followed 
first-order decomposition. The rate constants in reciprocal hours de- 
termined at  25,60,70, and 80' are given in Table IV. Higher pH values 
led to greater instability. The most stable pH range was 1-4. The calcu- 
lated time in days for 10% decomposition a t  2 5 O  is given in Table V. 


Dosage Form Stability-Since xilobam hydrolyzes easily in aqueous 
solution, a tablet with minimum exposure to water was developed and 


pH 
Temperature 1.0 2.2 3.0 4.0 6.0 7.0 9.0 11.0 


80" 0.123 0.140 0.161 0.239 1.17 1.32 1.32 1.37 
70' - 0.0551 0.0670 0.0938 0.346 0.415 0.427 0.445 
60" 0.0148 0.0181 0.0204 0.0259 0.0980 0.101 0.109 0.110 
25' (calculated) - 0.00027 0.00029 0.00027 0.00057 0.00050 0.00063 0.00060 


Values are in reciprocal hours 
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Table VI-Xilobam Tablet Stability 


Percent of Label Amount (200 mghablet) 
With Molecular 


CH, 
I 


CH, 
/ 


11 


k.0 


@NH2 -I- CO, -0 N + NH3 
I 


\ I 
CH, CH3 
111 


Iv 
Scheme I-Proposed decomposition pathway for xilobam 


placed on stability. The tablets were stable at room temperature and 40° 
but decomposed at 40" and 80% RH and at  60" and decomposed rapidly 
at  80". An odor of ammonia was noted from the decomposed samples. 
Tablets then were stored at  70" for 2 days in containers with and without 
closures. The tablets stored without closures were white and assayed 
satisfactorily. Tablets stored with closures were badly discolored, and 


Days 25" 40" 60" 80" Sieves (80") 


Initial 98.7 98.7 98.7 98.7 98.7 
- - 96.1 


109 98.1 96.2 - - 77.4 


- - 19 
39 98.4 97.9 24.5 5.4 - 


the assays showed extensive degradation. The experiment was repeated, 
and the headspace was analyzed by GLC-mass spectrometry. The mass 
spectroscopic data showed the presence of ammonia. 


Molecular sieves that absorb both water and ammonia vapors were 
added to bottles of xilobam tablets. The tablets in amber glass bottles 
with standard closures were stored at 80" for 109 days. Tablets stored 
with molecular sieves were much more stable at 80" (Table VI). Without 
molecular sieves, complete degradation was observed. 


The tablets that were degraded extensively were ground, extracted with 
methanol, and chromatographed by TLC. The separated spots were 
scraped from the plates; sufficient quantities were obtained to run IR, 
NMR, and mass spectrometric spectra. The degradation products were 
N-methylpyrrolidone, 2,6-dimethylaniline, and N,N'-bis(2,6-dimeth- 
ylpheny1)urea. The proposed degradation pathway is given in Scheme 
I. 


Xilobam tablets were studied for up to 2 years a t  25" (room tempera- 
ture) and 40° in amber glass containers. No differences were observed 
at these conditions for tablets stored without molecular sieves compared 
to those stored with molecular sieves. However, a t  higher temperatures, 
the tablets with molecular sieves were much more stable than those 
without them. 
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Abstract Determination of urinary metabolites of orally administered 
rutin and rutin-2',5',6'-d3 in humans was carried out by TLC and 
GLC-mass spectrometry. In human urine, 3-hydroxyphenylacetic acid, 
3-methoxy-4-hydroxyphenylacetic acid, 3,4-dihydroxyphenylacetic acid, 
3,4-dihydroxytoluene, and P-m-hydroxyphenylhydracrylic acid were 
identified as rutin metabolites. Unchanged rutin and quercetin were not 


Rutin, a flavonol glycoside, has been used to treat dis- 
ease states characterized by capillary bleeding associated 
with increased capillary fragility. 


The metabolic fate of rutin has been studied extensively 
in animals (1-4), but there have been only a few studies in 
humans. Some investigators (5,6) reported that unchanged 
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The fractional volume compression uersus applied pressure plots up 
to the first linear region bf the relative density uersus pressure plots were 
used to calculate the coefficients of the Cooper-Eaton equation (Table 
V). Figure 6 gives the fractional volume compression versus pressure plots 
of the granulation made with hydroxypropyl methylcellulose and dried 
to different moisture contents. The experimental data were fitted to the 
results of the calculations using Eq. 4. The values of the coefficients were 
obtained from the best-fit curves. 


The larger values of the dimensionless coefficient a1 compared to a2 
(Table V) suggest that a large percentage of compression was achieved 
by filling large holes. The sum of coefficients a1 and 0 2  ranged from 0.97 
to 1.01, indicating that compression is achieved by the two probabilistic 
processes of filling large and small holes by rearrangement, fragmenta- 
tion, and plastic flow. 


The coefficient kl gives the pressure needed to fill the large holes. This 
process occurs primarily by particles sliding past one another, which may 
require elastic deformation or even slight fracturing or plastic flow of 
particles. This process occurs at low pressures and is reflected in small 
kl values (Table V). 


The coefficient k p  indicates the pressure needed to fill small voids that 
are substantially smaller than the original particles. These voids can be 
filled by plastic flow or by fragmentation. This process requires high 
pressure, which is reflected in large kz values (Table V). Thus, kz provides 
more information about granulation compressibility since, during the 
rearrangement process, granules do not produce hard compacts. The kz 
values given in Table V indicate that, a t  lower moisture contents, 
methylcellulose- and povidone-containing granules are more com- 
pressible than granules made with the other binden. At higher moisture 
contents, methylcellulose-containing granules are more compressible 
than granules made with other binders. The kp values also suggest that 
the higher moisture-containing granules are more compressible than 
those of lower moisture content. This finding is in complete agreement 
with the C1 values of the Heckel plots (Table IV), which suggest that the 
high moisture granules compress more easily than the low moisture 
ones. 


The tablet crushing strength versus pressure profiles of granulations 
made with the selected binders containing different moisture contents 
are given in Figs. 7-9. At lower moisture contents (0.75-1.12%), methyl- 


cellulose-containing tablets gave higher crushing strengths than those 
made with granules containing other binders. The tablets made from 
granules without a binder were lower in crushing strength than the tablets 
made from granules containing binders. 


At  higher moisture levels (1.95-2.44%), differences in tablet crushing 
strength due to the binders were small (Fig. 8). Povidone-containing 
granules were better in crushing strength only at high pressure. Granules 
without a binder showed lower tablet crushing strengths compared to 
those with different binders. 


Figure 9 compares the tablet crushing strength uersus pressure profiles 
of the tablets compressed from granulations made with hydroxypropyl 
methylcellulose at  different moisture levels. These results clearly show 
that the lower moisture-containing granules gave a higher crushing 
strength compared to the higher moisture-containing granules and that 
these differences became more pronounced as pressure was increased. 


At higher moisture levels, it isimportant to consider the mgisture- 
induced crushing strength increase phenomenon (6). Table VI gives the 
initial crushing strength and the crushing strength after a 24-hr exposure 
to ambient room conditions of tablets compressed at  a given pressure. 
The crushing strength of tablets containing povidone, methylcellulose, 
and hydroxypropyl methylcellulose increased after overnight exposure 
to ambient room conditions. Pregelatinized starch-containing tablets 
did not show any change in crushing strength after overnight exposure 
to ambient room conditions. In the absence of a binder, the tablet 
crushing strength actually decreased after overnight exposure to ambient 
room conditions. 
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Abstract A contaminant was found to leach into the contents of two 
brands of disposable syringes. It was identified as 2-(2-hydroxyethyl- 
mercapto)benzothiazole and is believed to be formed during manufacture 
of the syringes as a result of a reaction between 2-mercaptobenzothiale, 
a rubber vulcanization accelerator, and ethylene oxide, used for steril- 
ization. The contaminant was isolated from the rubber plunger-seal and 
identified using mass, NMR, and UV spectroscopic methods. The amount 
of contaminant appearing in the contents of syringes was measured up 
to 140 gg was found under clinically relevant conditions. This finding has 


important implications with respect to the use of these syringes for drug 
administration and for the collection of blood for drug analyses. 


Keyphrases 2-(2-Hydroxyethylmercapto)benzothiazole-leaching 
into contents of disposable syringes, isolation, identification, and 
quantitation Syringes, disposable-leaching of 2-(2-hydroxyethyl- 
mercapto)benzothiazole, isolation, identification, and quantitation 0 
Contaminants-2-(2-hydroxyethylmercapto)benzothiazole, leaching 
from disposable syringes 


Several previous reports described the problems asso- 
ciated with the leaching of compounds from plastic infu- 
sion bags and giving sets and from blood collection tubes. 
The measurement of drug levels in blood and plasma 
samples for toxicological, therapeutic monitoring, or 


pharmacokinetic purposes may be hampered by such 
contaminants. In addition, the accumulation of plasticizers 
in patients’ organs after transfusion of blood from plastic 
storage bags was reported (1). 


Recently, contamination of blood collected in evacuated 
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tubes1 withacompoundidentifiedas trisC2-butoxyethy1)- 
phosphate was reported (2). Leaching of this compound 
into blood causes a decrease in plasma protein binding and 
redistribution to the red blood cells of several drugs in- 
cluding propranolol (3), imipramine (41, alprenolol (4), 
quinidine (5), and lidocaine (6). Consequently, the mea- 
sured plasma concentrations of these drugs were spuriously 
low. Tris(2-butoxyethyl) phosphate, leached into blood 
samples from collection tubes, interfered directly with the 
analysis of postmortem specimens (2) and with GLC 
analysis of theophylline (7). Another plasticizer, di(2- 
ethylhexyl) phthalate, also was reported to interfere with 
a GLC assay for disopyramide (8). 


During recent work involving the development of a 
high-performance liquid chromatographic (HPLC) assay 
for blood and plasma corticosteroids (9), a large chroma- 
tographic peak interfered with the assay. The absence of 
the interfering compound in samples collected directly into 
a glass container indicated that it originated in the col- 
lection system and was not due to endogenous material or 
contamination of the reagents used in extraction. The 
compound originated in the disposable syringes used for 
blood collection. 


The identification of the source of the compound, its 
isolation, and the elucidation of its chemical structure are 
reported here. 


EXPERIMENTAL 


Identification of Contaminant Source-Three brands of disposable 
plastic syringes (A2, B3, andC4) were used. Initially, one syringe of each 
brand (10-12-ml capacity) was filled through a 19-gauge needles with 
freshly distilled water (10 ml) and allowed to stand for 2 min. Another 
sample of water (10 ml) was allowed to stand for 2 min in a blood storage 
tube containing ammonium heparin (100 U/lO ml) and separation 
granules6. From each of these sources 1 ml (10%) of the water was ex- 
tracted with methylene chloride', which was then concentrated at  45' 
and chromatographed as described previously for plasma samples (9). 
The reversed-phase HPLC columns, with a mobile phase of methanol- 
water (6040) at a flow rate of 1.25 ml/min, was coupled to a UV detector 
set a t  254 nm. An aliquot (1 ml) of distilled water, which had been mea- 
sured directly into a glass extraction tube, was also analyzed as already 
described. 


To pinpoint the source of contamination, this procedure was repeated 
with three Brand A syringes, three Brand C syringes, and three samples 
of water measured into glass extraction tubes. In addition, the barrels 
of three Brand A syringes with the plungers removed and needles crimped 
were each filled with 10 ml of distilled water, and three rubber plunger- 
seals from Brand A syringes were removed and immersed in beakers 
containing 10 ml of distilled water. The syringes and components were 
in contact with the water for 2 min, and 1 ml was assayed. 


To establish that the contaminant was extracted from the syringes into 
blood as well as into water and to confirm that the chromatographic peak 
observed in plasma samples was not an endogenous compound, the fol- 
lowing experiment was performed. Blood was drawn from a single subject 
through a cannulag and three-way taplo using the three brands of syringes 
in turn. The total blood volume (15 ml) was drawn within 3 min. The 
blood was transferred to three heparinized plastic tubes for centrifuga- 
tion; in each case, l ml of the resulting plasma was assayed. 


Identification of Contaminant-To facilitate identification of the 
compound of interest, several syringes of each brand were allowed to 
stand, containing water, for 10 min. The water was subsequently ex- 


Vacutainer, Becton-Dickinson, Rutherford, N.J. 
Monoject, Sherwood Medical Industries, Deland, Fla., 
Terumo, Terumo Aust. Pty. Ltd., Melbourne, Australia 
Pharma-Plast, A H.S./Aust. Pty. Ltd., Balgowlah, Australia. 
Monoject brand. 
Disposable Products Pty. Ltd , Sydney, Australia. 
GR grade, Merck, Darmstadt, West Germany. 
RP-8, Brownlee, Santa Clara, Calif. 
Dwellcath, Tuta Laboratories, Sydney, Australia. 


lo Pharma-Plast brand. 


traded, the concentrated extract was chromatographed, and the fraction 
of the HPLC eluate corresponding to the peak of interest was collected. 
The fractions from each brand of syringe were pooled separately and 
evaporated to dryness in a 45' water bath under a nitrogen stream. The 
residues were dissolved in 1 ml of distilled water and extracted with 
methylene chloride. The extracts then were concentrated. To provide 
suffiaient sample for NMR studies, derivatization procedures, and UV 
spectroscopy, -500 pg of the contaminant was collected by pooling the 
HPLC fractions from 20 Brand A syringes (35-ml capacity) as already 
described. 


CLC-mass spectrometric analyses were carried out on a chemical- 
ionization mass spectrometerll interfaced to a gas chromatograph12. The 
glass GLC column (0.91 m X 2 mm i.d.) was, packed with a phenyl methyl 
silicone phase13 and was programmed from 150 to 200' a t  10°/min. In- 
jection port and interface temperatures were maintained a t  2 6 0 O .  
Methane chemical-ionization mass spectra were generated by using 
methane as both the GLC carrier and chemical-ionization reactant gas. 
A flow rate of 20 ml/min generated an ion source preasure of 130 Pa. 
Deuterium oxide chemical-ionization mass spectra were generated by 
introducing deuterium oxide into the methane plasma uia a variable leak 
(10). Ammonia chemical-ionization mass spectra were obtained by using 
helium as the GLC carrier gas at a flow rate of 20 ml/min and adding 
ammonia through a makeup T piece at  the end of the column. The am- 
monia flow rate was adjusted to give an ion source pressure of 130 Pa. The 
electron beam energy for chemical ionization was 110 ev, and the ion 
source and analyzer regions of the mass spectrometer were operated at  
60-100O. An interactive data systernl4 was used for data acquisition and 
processing. 


High-resolution electron-impact mass spectra were obtainedls using 
the direct insertion probe inlet and an electron beam energy of 70 ev. 


Derivatization reactions were carried out by dividing a methylene 
chloride extract from Brand A syringes into two portions and evaporating 
each to dryness. One portion was treated with 10 pl of a silylation re- 
agent16 by heating at 50' for 1 hr. The other portion was treated with 
excess freshly distilled ethereal diazomethane for 15 rnin at  room tem- 
perature and then evaporated to a volume of <50 pl in a water bath at  
40'. 
2-(2-Hydroxyethylmercapto)benzothiazole (11) was synthesized from 


2-mercaptobenzothiamle (I) and 2-chloroethanol according to the method 
of Sexton (11). The product, recrystallized twice from benzene, had a 
melting point of 56-57" [lit. (11) 56-58']. 


Quantitation of Contaminant-Once the compound leaching from 
the syringes had been identified and synthesized, the recrystallized 
product was used as a standard to measure how much contaminant was 
leached from syringes under several sets of conditions. Brand A syringes 
were used for all three parts of this experiment. 


1. Several syringes (2 and 10 ml) were filled with various volumes of 
distilled water and allowed to stand for 5 min before an aliquot was in- 
jected directly onto the HPLC column. 


2. Seven syringes (20 ml) were each filled with 10 ml of distilled water 
and allowed to stand for 4-300 min before an aliquot was injected onto 
the column. 


3. The effect of two different vehicles that are used for parenteral 
dosage forms was examined. A pediatric formulation, which consisted 
of 25 pg of digoxin/ml of propylene glycol (4%)-alcohol(l0.5%)-~ater~~, 
was studied because the contaminant displayed lipophilic tendencies in 
its solvent extraction and HPLC characteristics and, therefore, was ex- 
pected to partition more favorably into a less polar solvent than water 
and because the presence of the contaminant may have one of its most 
serious implications in infant therapy. Water (1 ml) was drawn into each 
of three 2-ml syringes and allowed to stand for 2,5, or 12.5 min, and the 
digoxin formulation (1 ml) was drawn into each of four 2-ml syringes and 
allowed to stand for 1,2,5, or 11 min. Aliquots were injected directly into 
the chromatograph, and an injection also was made of the digoxin dosage 
form, which had not been in contact with the plastic syringes. 


RESULTS 


Source of Contaminant-The interfering peak observed when de- 
veloping an HPLC assay for plasma samples had a retention time of 6.5 


11 Model 3200, Finnigan Corp., Sunnyvale, Calif. 
l2 Model 9500, Finnigan Corp., Sunnyvale, Calif. 
l3 Three percent OV-17 on Chromosorb W AW DMCS, 120-140 mesh, Applied 


l4 Model 6110, Finnigan Corp., Sunnyvale, Calif. 
l5 AEI MS-9 mass 8 ectrometer Kratos Ltd., Manchester, England 
l6 TRI-SIL, Pierce ehemical Cd, Rockford, Ill. 
l7 Lanoxin pediatric injection, Wellcome Australasia, Rosebery, Australia. 


Science Laboratories, State College, Pa. 
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a. b. C. 


Figure 1-HPLC traces of extracts of distilled water that had been 
standing in Brand C (sensitiuity 0.05 aufs) (a), Brand B (0.02 aufs) (b), 
and Brand A (0.05 aufs) (c) syringes. The arrow marks retention time 
of 6.5 min. 
min under the chromatographic conditions described previously (9). 
When water was allowed to stand in the syringes and blood storage tubes 
for 2 min and aliquots were analyzed, a large chromatographic peak was 
again observed at 6.5 min in the extracts of the water from Brands A and 
B syringes. Extracts of the water from the blood storage tube and the 
Brand C syringe had chromatograms identical to that of the extract of 
the water that had been measured directly into the glass extraction 
tube. 


Figure 1 illustrates the magnitude of the interfering peak observed 
when 10% of the water in the A-C syringes was extracted and chroma- 
tographed. Brand B syringes released less of the compound chromato- 
graphing at  6.5 rnin than did the A syringes. Later studies in which all 
of the water in the syringe was extracted showed that the A and B syringes 
also released into the water compounds that chromatographed with re- 
tention times of 3.8 and 4.7 min but with peak heights -5% that of the 
peak at 6.5 min. These peaks were not seen in extracts of water from the 
C syringe. 


In turn, plasma (1 ml) harvested from blood collected into the three 
brands of syringes was extracted and chromatographed. No peak was 
observed at  6.5 rnin when a C syringe had been used to collect the blood, 
but large peaks were seen in the extracts of plasma collected in A and B 
syringes. 


The results of the experiment in which various parts of the Brand A 
syringe were allowed to contact the water are summarized in Table I. 
Although these results were semiquantitative, the severalfold differences 
in the heights of the peaks indicated that the contaminant was probably 
being leached from the rubber seal on the plunger. The average height 
of the peak resulting from only the syringe barrel contacting the water 
was <lo% of the height of the peak resulting from the intact syringe being 
filled with water. In contrast, the peak resulting from extraction of water 
in which the plunger-seal had been immersed was three times greater than 
the peak from the intact syringe. 


Identification of Contaminant-GLC-mass spectral analysis of the 
fraction collected from HPLC after extraction of the contents of Brand 
A syringes revealed a single GLC peak with a retention time of 2.2 min. 
The presence of a molecular ion a t  m/z 211 in the electron-impact mass 
spectrum of this GLC peak and a protonated molecular ion (MH+) at m/z 
212, together with methane adduct ions at m/z 240 (M + CzH6+) and 252 
(M + CsH6+) in the methane chemical-ionization mass spectrum (Fig. 
2), suggested a molecular weight of 211. Confirmation was obtained from 
the ammonia chemical ionization mass spectrum, which contained a 
single ion peak at m/z 212. The observation of a MH+ ion in the ammonia 
spectrum indicated that the compound was a stronger gas phase base than 
ammonia (12). 


The relative abundances of the isotopic ion peaks at  m/z 212,213, and 


Table I-Height a of the Contaminant Peak after 2 Min of 
Contact between Water and Brand A Syringe Components 


Intact Syringe Barrel Only Plunger-Seal 


404 34 87 5 
384 37 1250 
416 28 1500 


Mean 401 33 1208 
Relative percent 100 8.2 301 


0 All peak heights measured in millimeters and normalized to 0.01 aufs. 


214 in the ammonia chemical-ioniaation mass spectrum, measured ac- 
curately using the selected ion monitoring mode, were 100,11.81, and 9.40 
(average of five measurements), respectively, which indicated the em- 
pirical formula CsHsNOSz (calculated isotopic abundances: 100,11.91, 
and 9.44, respectively). This result was confirmed by high-resolution 
electron-impact mas8 spectrometry (measured mass 211.0128, calculated 
for C&NOSz 211.0125). The deuterium oxide chemical-ionization mass 
spectrum contained a quasimolecular ion at  m/z 214. However, ionization 
of the molecule by addition of a D+ ion would be expected to give an ion 
at m/z 213. Therefore, the observation of m/z 214 in the spectrum showed 
that the molecule contains one exchangeable hydrogen atom (13). The 
appearance of an ion peak at m/z 194 in both the methane (Fig. 2b) and 
deuterium oxide chemical-ionization mass spectra (MH+ - HzO and 
MD+ - DzO, respectively) indicated the presence of a hydroxyl group, 
which would account for the exchangeable hydrogen atom. 


Treatment of the compound with the silylation reagent and analysis 
by GLC-mass spectrometry showed a single product with a molecular 
weight of 283, corresponding to a monotrimethylsilylated derivative. The 
compound, however, failed to react with diazomethane and, therefore, 
must be an aliphatic alcohol rather than a phenol or carboxyfic acid. 


The base peak in the electron impact mass spectrum (Fig. 20) was at  
m/z 167, and the relative abundances of the isotope peaks at  m/z 168 and 
169 indicated that this ion still contained the two sulfur atoms. In many 
respects, the spectrum below m/z 170 resembled that of I. The relative 
abundances of the ions at  m/z 166,140,123, 108,91,69, and 45 in the 
spectrum of the compound were quite similar to those reported for I 


On the basis of the mass spectral data, I1 was indicated. Although the 
major fragment ions in both the electron-impact and chemical-ionization 
mass spectra could be rationalized in terms of this structure (Schemes 
I and 11), other isomers in which the side chain w& attkched to the phenyl 
ring could not be excluded. However, these isomers can be excluded on 
the basis of NMR spectroscbpic data. 


(14). 


100 


i 


9 100 $ 1  c 


100 150 200 250 300 
m h  


Figure %-Mass spectra of the contaminant identified as 2-(2-hy- 
droxyethylmercaptojbenrothiazole (XI). Key: a, electron impact; and 
b, methane chemical ionization. 
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Table 11-Amount of 2-(2-Hydroxyethylmercapto) benzothiazole 
(11) in Various Volumes of Water Allowed to Stand in  Brand A 
Syringes for 5 Min 


I lI 


OH / 


+ 
m/z 180 


m/z 181 


m/z I67 
Scheme I-Electron-impact-induced fragmentation of II .  


The NMR spectrum (recorded at  58O) contained signals a t  6 7.15-7.85 
(m, 4H, aromatic CH), 3.94 (m, 2H, CHpO-),3.45 (t, 2H, CH&-), and 
3.03 (t, lH, OH, removed by exchange in DzO). Significantly, no signal 
could be attributed to a C-2 proton. In the NMR spectrum of benzothi- 
azole, this signal occurred as a sharp singlet a t  6 8.95. Moreover, the 
splitting pattern of the four aromatic protons in the spectrum of the 
compound extracted from syringes was very similar to that observed for 
the four protons on the phenyl ring of benzothiazole. Therefore, it was 
concluded that the side chain must be attached to C-2 of the benzothia- 
zole ring as shown in 11. In keeping with this structure, irradiation a t  6 
3.03 caused the signal a t  6 3.94 to change to a triplet, and irradiation at  
6 3.94 caused the signal a t  6 3.45 to collapse to a singlet. 


This structure was also supported by UV spectrophotometric data in 
that the observed absorption maxima (A,) at  224 and 279 nm were al- 
most identical to the maxima reported for 2-(methylmercapto)ben- 
zothiazole (Arnm 224 and 280 nm) (15). 


As final proof, 2-(2-hydroxyethylmercapto)benzothiazole (11) was 
synthesized using the method of Sexton (11). The mass, NMR, UV, and 
IR spectra and chromatographic retention times (GLC and HPLC) of 
the authentic compound were identical to those of the compound ex- 
tracted from the Brand A syringes. The mass spectra (electron-impact 
and chemical ionization) and GLC and HPLC retention times of the 
compound extracted from the A and B syringes were identical, therefore, 
it was concluded that both brands released 11 into their contents. 


2-ml Syringe 10-ml Syringe 
Volume, Ij Volume, 


0.5 3.78 2.0 3.59 7.18 
1.65 8.26 
0.89 8.87 


kg? 11 5.0 1.0 1.57 
2.0 0.98 1.97 10.0 


Table 111-Amount of 2-(2-Hydroxyethylmercapt0)- 
benzothiazole (11) Leached with Time into Water (10 ml) from 
20-ml Brand A Syringes * 


Minute 11. YE 


4 
9 


30 
60 


150 
240 
300 


13.8 
16.1 
34.0 
53.2 
93.0 


108.7 
139.5 


a Each data point represents analysis of water from a different syringe. 
Quantitation of 11-The amount of I1 found in the contents of the 


syringe after 5 min was similar for a given syringe capacity regardless of 
the volume of water in the barrel (Table 11). As may be expected, the 
10-ml syringes, with a greater surface area of rubber exposed to the liquid, 
released more I1 (mean 8.1 pg) than the 2-ml syringes (mean 1.8 pg). In 
a 20-ml syringe, the amount of I1 in the water increased as the contact 
time between the rubber and water increased, even up to 5 hr when 140 
pg was found (Table 111). Compound I1 moved quickly into the water from 
the rubber, as was shown by the presence of several micrograms of I1 in 
the syringe contents after only 4-5 min (Tables I1 and 111). Table IV 
shows t+e amounts of 11 that leached into 1 ml of water and 1 ml of the 
digoxin formulation after various times. The results were very similar 
for the two solvents and followed the trends established in the previous 
experiments. 


These data (Tables 111 and IV) suggest that the appearance of I1 in the 
syringe contents is not limited by the extent of its solubility in the solvent, 
but it is more likely to be restricted by the rate at which it can move out 
of the rubber matrix. 


DISCUSSION 


The early experiments, designed to identify the source of the con- 
taminant, indicated that I1 was coming from the rubber seal on the 
plunger of Brands A and B syringes. This finding was consistent with 
their structure since both brands have soft rubber seals while Brand C 
does not. Compound I1 is not commonly used in rubber manufacture, but 


H 


m/z 194 


m/z 152 


m/z I68 
Scheme 11-Methane chemical-ionization-induced fragmentation of II. 
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Table IV-Amount of 2-(2-Hydroxyethylmercapto)- 
benzothiazole (11) in the Contents of 2-ml Brand A Syringes 
Containing Different Solvents 


Distilled Water, 1 ml 
Minute 11, /.lg 


it has been reported to be a reaction product of I, a widely used vulcan- 
ization accelerator, and ethylene oxide (16), used in this case for steril- 
ization of the syringes. A sample of I had the same HPLC retention time 
(4.7 min) as the later of the two smaller peaks found in the chromatograms 
of extracts from A and B syringes, supporting the view that 11 is formed 
from I. 


Rubbers formulated with I were reported to present stability problems 
when subjected to y-radiation (17), so syringes containing I in rubber 
components are likely to be sterilized with ethylene oxide. One brand of 
syringe that has a rubber plunger-seal and is sterilized by ethylene oxidelS 
did not leach I and I1 into water. This brand has been reported as nontoxic 
to amniotic fluid cell cultures whereas other brands have been associated 
with cultures that fail to thrive (18, 19). 


More information is available on the toxicity ‘of I than on that of 11. 
Compound I was identified as one of the allergens responsible for allergies 
to the rubber in clothing and shoes (20) and also was reported to be mu- 
tagenic in fruit flies (21) and embryotoxic in rats (22). The toxicity of I 
and I1 was studied in cell lines and in mice by Guess and O’Leary (16). 
Using a suggested standard of toxicity rating, they reported that both 
compounds would be rated as highly toxic in mice when given by the 
parenteral route and moderately toxic when ingested. They also suggested 
that care should be exercised if these compounds could gain access to the 
systemic circulation and reported that I1 was more toxic than I when 
administered parenterally or orally. 


While I1 was first noticed because of its appearance in blood samples, 
its transfer from the rubber seal to solutions administered parenterally 
must be considered. Although no toxicity data are reported for I1 in hu- 
mans, the introduction of microgram quantities of even a moderately 
toxic foreign compound into the body should be recognized and, if pos- 
sible, avoided. The results indicate that the amount of I1 leaching into 
the syringe contents increases with the time of exposure to the rubber 
and with the capacity of the syringe, but it is essentially independent of 
the volume of liquid in the syringe. When 10 ml of water was allowed to 
remain in a 20-ml syringe for 5 hr, 140 pg of I1 was measured in the con- 
tents. This may be a cause for concern with obstetric and surgical patients 
undergoing epidural anesthesia since additional anesthetic solution is 
often left in a disposable syringe until further pain relief is required 
several hours later. When such relief is required, the solution containing 
accumulated 11 is injected into the epidural space, in close proximity to 
the cerebrospinal fluid. Compound I1 may also accumulate in patients 
who receive several injections while in the hospital or in patients who are 
on chronic parenteral medication, e.g., diabetics. 


The inadvertent administration of I1 may be of particular importance 
in hospitalized infants, especially premature infants, children, and pa- 
tients with impaired elimination. Total parenteral nutrition for infants 
in some intensive care nurseries is administered from a disposable syringe 
(10 ml), which may have been filled several hours previously in the aseptic 
supply area. In this situation, relatively large amounts of I1 may be ad- 
ministered intravenously. 


Brand A syringes were reported previously as the source of a contam- 
inant that interfered in chromatographic assays for chlorpheniramine 
(23) and oxazepam (24). In this laboratory, I1 was first noticed as a large 
chromatographic peak that interfered with plasma steroid assays (9), 
making accurate measurement of plasma hydrocortisone and beta- 
methasone levels impossible. Such interference results in a considerable 
waste of time and materials until the source of the contaminant is iden- 
tified and a more suitable brand of syringe is used. Moreover, such in- 
terference may be present but not recognized if the contaminant co- 
chromatographs with a drug, resulting in an overestimate of drug con- 


l* Plastipak, Becton-Dickinson, Rutherford, N.J. 


centration (24). This situation clearly has the potential to compromise 
the conclusions drawn from pharmacokinetic and therapeutic monitoring 
data, with possible implications for clinical management. Alteration of 
plasma protein binding and distribution between blood components of 
some drugs has been caused by the contamination of blood samples (25). 
This more subtle effect has serious implications since it results in spu- 
riously low plasma drug level measurements. The possibility that I1 could 
interfere in a similar way must also be considered when blood is collected 
in disposable syringes. 


The presence of contaminants may be overlooked if the compounds 
do not possess characteristics that cause them to interfere with assays 
in general use. There may be several other compounds leaching out of 
syringes, closures, blood collection tubes, and other plastic and rubber 
apparatus which have not yet been recognized but may have similar im- 
plications toxicologically and analytically. 
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ERRATA 


In the article titled “Radioimmunoassay Procedure for Terfenadine 


On page 1419, the structure should appear as shown here: 
in Human Plasma” (l) ,  the following correction should be made: 


In the article titled “Antitumor Agents XLI I  Comparison of Antileu- 
kemic Activity of Helenalin, Brusatol, and Bruceantin and Their Esters 
on Different Strains of P-388 Lymphocytic Leukemic Cells” ( l ) ,  the 
following correction should be made: 


Iu: R = CH, 
Ib:  R = CH,OH 
Ic: R = COOH 


(1) C. E. Cook, D. L. Williams, M. Myers, C. R. Tallent, G. A. Leeson, 
R. A. Okerholm, and G. J. Wright, J.  Pharn. Sci., 69,1419 (1980). 


In the article titled “Thermal Hardness Coefficient of Tablets” (I), 


On page 329, column 1, Table I title should read: Average (+SD) 


On page 329, column 2, line 11 should read as follows: temperature was 


(1) E. L. Parrott, J.  Pharm. Sci., 70,328 (1981). 


the following corrections should be made: 


Hardness of Tablets in Kiloponds a t  Various Temperatures (*lo). 


increased (- - 0.02 kilopond/degree) for Products A-E. 


In the article titled “Nitroglycerin Pharmacokinetics after Intravenous 
Infusion in Normal Subjects” (I), the following correction should be 
made: 


On page 1055, column 1, line 5 under Assay, Caprylene should read Oc- 
talene (aldrin). 
(1) E. F. McNiff, A. Yacobi, F. M. Young-Chang, L. H. Golden, A. 
Goldfarb, and Ho-Leung Fung, J .  Pharn Sci., 70,1054 (1981). 


On page 1148, the structure should appear as shown here: 


H :  


I 


11 


( 1 )  I. H. Hall, K. H. Lee, M. Okano, D. Sims, T. Ibuka, Y. E. Liou, and 
Y. Imakura,J. Pharrn. Sci., 70,1147 (1981). 
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Table IV-Antidiabetic Activity of Substituted Cyclic 
Sulfonylthiourea Derivatives 


Reduction in 
Plasma Glucose Level Statistical 


Compound Control, % Value of p 
Compared with Significance 


P henformin 
IIC 


IIIc 
VId 


VIIc 
vIiiC 


IXC 
Xb 


XIa 


10 <0.01" 
1.5 0.05 
4.5 <0.05" 
3.0 <o.o1a 
2.0 0.05 
8.0 <0.01" 
4.0 <0.01" 
2.0 0.05 
4.0 <0.01a 


a Statistically significant. 


(IV or V, 0.01 mole) and ethyl bromoacetate (0.011 mole) in absolute 
ethanol (50 ml) wasrefluxed with stirring for 4-6 hr, concentrated, and 
allowed to crystallize. The products obtained were recrystallized from 
ethanol (Tabie 11). 


Svnthesis of VIII and IX-A mixture of IV or V (0.01 mole) and ethvl 
a-biomopropionate (0.011 mole) in absolute ethanol'(50 ml) was refluxid 
with stirring for 6-8 hr, concentrated, and allowed to crystallize. The 
products obtained were recrystallized from ethanol as colorless needles 
(Table 11). 


Synthesis of X and XI-A mixture of IV or V (0.01 mole) and ethyl 
@-bromopropionate (0.011 mole) in absolute ethanol (50 ml) was refluxed 
with stirring for 6-8 hr, concentrated, and allowed to crystallize. The 
products were recrystallized from 95% ethanol as colorless needles (Table 
111). 


In addition to the aromatic protons at  6 7.0-8.1, the PMR spectra of 
VIc showed a multiplet a t  6 0.8-1.7 for the (CH& protons of the butyl 
group together with the methylene group of the cyclic ring, a singlet a t  
6 2.4 characteristic of the methyl group at C-3 of the pyrazole ring, a 
singlet a t  6 1.3 for the CH3 of the butyl group, and a singlet a t  6 6.4 for the 
proton at C-4 of the pyrazole ring. 


In addition to the aromatic protons at 6 6.8-7.9, the PMR spectra of 
XIc showed a singlet at 6 2.3 for the two methyl groups together with the 
two methylene groups of the cyclic ring. 


DISCUSSION 


Biological Testing-Compounds IIc, IIIc, VId, VIIc, VIIIc, IXc, Xb, 
and XIa were tested for hypoglycemic activity using alloxanized female 
albino mice weighing 20-25 g. Alloxan, 100 mg/kg of body weight, was 
injected into the tail vein in saline solution (10 mg/ml). Three days later, 
the mice were given the test compounds orally in suspension in 1% car- 
boxymethylcellulose sodium at  the rate of 0.2 mmole/kg of body 
weight. 


Each day, four mice were used as a control group and one group of four 
mice was given the standard drug phenformin in a dose of 100 mg (0.4 
mmole)/kg of body weight. Up to six groups of four mice received test 
compounds. Blood samples were taken at  0, 1, and 3 hr. 


Blood was collected into 0.04% NaF solution. Glucose was determined 
by the microcolorimetric copper reduction technique of Haslewood and 
Strookman (4). Results are expressed as a percentage reduction of plasma 
glucose level compared to the control value. 


Statistical Significance-Statistical significance was assessed using 
the Student t test. Statistical significance was accepted where the cal- 
culated t value exceeded the tabulated t value at  the 0.05 level. 


From the data presented in Table IV, it is obvious that VIII possesses 
marked hypoglycemic activity. While IIIc, IXc, and XIa possess only 
moderate hypoglycemic activity, the potency of these compounds is more 
than their corresponding thiourea analogs. 
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Abstract Selected homologs, analogs, and acylated derivatives of 
spermine and spermidine, together with several heterocyclic and aromatic 
compounds containing a novoldiamine side chain, were prepared and 
evaluated biologically. Several compounds possessed activity against B-16 
melanoma and human epidermoid carcinoma of the nasopharynx. 


Keyphrases Polyamines-synthesis of derivatives, cancer chemo- 
therapy 0 Chemotherapy-synthesis of polyamine derivatives for cancer 
chemotherapy 0 Derivatives-polyamines, synthesis, cancer chemo- 
therapy 


The importance of many naturally occurring poly- 
amines, such as putrescine, spermidine, and spermine, to 
the growth of living cells is well established (1-4). It was 
reported recently that increased amounts of certain 
polyamines were found in rapidly proliferating biological 
systems (e.g. ,  chick embryo cells, rat regenerating liver 
cells, and wound-healing tissues) (5-lo), as well as in 


neoplastic cells of animals and humans (11-16). The higher 
polyamine levels are believed to be contributed by orni- 
thine decarboxylase activity in these tissues (17). Elevated 
polyamine levels also were detected in the urine of cancer 
patients (18-20). The high excretion level of polyamines 
declined when the patients were in remission, and che- 
motherapy treatment with methotrexate, cytosine ara- 
binoside, 5-azacitidine, or fluorouracil resulted in poly- 
amine depletion in tumor cells (21-23). 


Since cellular protein synthesis is affected by polyamines 
at the transcription and translation level (24) and at least 
one role of polyamines is to organize the structure and 
activity of tRNA (25), it was postulated that properly de- 
signed analogs of polyamines could be useful in oncology 
studies. This concept was substantiated by previous re- 
ports (26-29) that some spermine and spermidine analogs 
of both synthetic and plant origin demonstrated inter- 
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CH,(CHz),,CONRiRz 


la: R, = R, = (CH,),NH, 
Ib: R, = R, = (CH,),N(CH,), 


Id: R, = R, = CH(CH,)-(CH,),N(C,H,), 
Ie: R, + R, = (CH,CH,),NCH, 
If: R, + R, = (CH,CH,),CHNC,H,, 


Ic: R ,  = (CH,),N(C,Hs),, R, = CH(CH,)-(CH,),N(CzHs)z 


CONHCH( CH3)-( CHJ,N( CZH5)Z N 


RNH-X-NHH 


IIIa: R = (CH,),NH,, X = (CH,), 
IIIb: R = (CH,),NH,, X = (CH,), 
IIIc: R = (CH,),NH,, X = (CH,), 
IIId: R = (CH,),N(CH,),, X = (CH,), 
IIIe: R = (CH,),N(CH,),, X = (CH,), 
IIIf: R = (CH,),N(CH,),, X = (CH,), 


IIIg: R = (CH,),NH,, X = 


IIIh: R = (CH,),N(CH,),, X = 


IIB: R = CH(CH,)-(CH,),N(C,H,),, X = (CH,), 
IIU: R = (CH,),N(CH,),, X = CH,CH=CHCH, 


IIIL: R = CH(CH,)-(CH,),N(C,H,),, X = CH,CH=CHCH, 
IIII: R = (CH,),N(CH,),,X = CH,C=CCH, 


IIIm: R = CH(CH,)-(CH,),N(C,H,),, X = CH,C=CCH, 


IIIn: R = (CH,),N(CH,),, X = 


a- 
-43- 


CH3(CHz),,CONR 
I 
I 


X 


CH,(CH,),,CONR 


IVU: R = (CH,),NH,, X = C(CH,),-(CH,),-C(CH,), 
IVb: R = (CH,),N(CH,),, X = C(CH,),-(CH,),C(CH,), 
IVc: R = (CH,),NH,, X = (CH,), 
IVd: R = (CH,),NH,, X = (CH,), 
IVe: R = (CH,),NH,, X = (CH,), 
IVP: R = (CH,),N(CH,),, X = (CH,), 
IVg: R = (CH,),N(CH,),, X = (CH,), 
IVh: R = (CH,),N(CH,),, X = (CH,), 


IVi: R = (CH,),NH,, X = 


IVj: R = (CH,),N(CH,),, X = 


IVL: R = CH(CH,)-(CH,),N(C,H,),, X = (CH,), 
IVZ: R = (CH,),N(CH,),, X = CH,CH=CHCH, 


IVm: R = CH(CH,)-(CH,),N(C,H,),, X = CH,C€i=CHCH, 
IVn: R = (CH,),N(CH,),, X = CH,C=CCH, 
IVo: R = CH(CH,)-(CH,),N(C,H,),, X = C H , C d C H ,  


IVp: R = (CH,),N(CH,),, X = 


-0- -a- 


HN n U N-CH, HQ-N>CK 


XI1 XI11 


V 


H 


OYb0 HN 
I 
CONHCH(CH3)-(CHJ,N(CzH,)z 


VI 


k-NHCH(CH3)-(CHz)3N(CzH& 


VIIa: x = so, 
VIIb: x = co 


esting in vitro and in viuo antineoplastic activity. Based 
on the structure-activity relationship information pro- 
vided by these investigators and the general biochemical 
and biological aspects of polyamines, selective analogs, 
homologs, and acylated derivatives of spermine and 
spermidine (I-IV), as well as several heterocyclic and ar- 
omatic compounds containing a novoldiamine side chain 
(V-VIII), were prepared and their biological activity was 
evaluated at  the National Cancer Institute. 


EXPERIMENTAL 


Chemistry-N,N-Bis(2-cyanoethyl)amine (VIIIa ), prepared by cy- 
anoethylation of ammonia with acrylonitrile (30), was treated with pal- 
mitoyl chloride to yield the hexadecaneamide, VIIIb. Catalytic reduction 
of VIIIb with Raney nickel in ethanolic ammonia (31) gave Ia, isolated 
as a dihydrochloride salt, mp 240-243O dec. The corresponding dimethyl 
homolog Ib was obtained from Ia and a mixture of formic acid and 
formamide, according to the method of Clarke et al. (32). Compounds 
Ic and Id were prepared by reductive alkylation of 5-diethylamino-2- 
pentanone (IX) with 3-diethylaminopropylamine (Xa) and novoldiamine 
(XI), respectively, followed by acylation. Treatment of l-methylpi- 
perazine (XII) and 1,4’-bipiperidine (XIII) with palmitoyl chloride in 
tetrahydrofuran in the presence of triethylamine gave Ie (isolated as a 
monohydrochloride salt, mp 15&152O) and If (isolated as a free base, mp 
68-699, respectively. 


The tetramethyl homologs of spermidine and spermine, IIa (isolated 
as a diphosphate salt, mp 269-271D) and IIb (disphosphate, mp 239- 
241°), were prepared by mono- and dicyanoethylation of 2,5-diamino- 


RN( CH,CH,CN), CH,CO(CHz),N(C,Hs )z 


VIIIa: R =  H IX 
VIIIb: R = CH,(CH,),,CO 


Xa: R ,  = R, = C,H, 
Xb: R,  = R, = CH, 


XI 
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Table I-Antineoplastic Activity Screening Results of Acylated and Some Unacylated Polyamines 


P-388 Leukemia B-16 Melanoma KB Cell Culture 
Compound Dose, mgkg  TIC Dose, mg/kg TIC ED509 d m l  


Ia 
Ib 
Ic 
Id 


IIa 
IIb 


IIIe 
IIIi 


:r’ 


12.5 
6.25 
1.5 
6.25 
25.0 
300.0 
200.0 


100.0 
25.0 


3.13 


109 
101 
98 
99 
115 
100 
106 
115 
110 
92 


- 
- 
3.13 
3.13 
- 
- 
- 
- 
- 
50.0 
25.0 


IVa 
IVb 
IVC 
IVd 
IVe 
IVf 
IVg 
IVh 
VIi 
IVj 
IVk 
IV1 


IVm 
IVn 
IVO 


3.13 


3.13 
6.25 


100.0 


25.0 
25.0 
400.0 
50.0 
1.56 
12.5 
3.13 


100.0 
3.0 
25.0 
6.25 


12.5 
25.0 
50.0 


100 
105 
108 
114 
98 
109 
111 
97 
106 
90 
108 
98 
101 
93 
113 


102 
95 
101 


12.5 
6.5 
3.13 
6.25 . 
- 


1.56 
12.5 
- 
- 
- 
- 
1.56 


6.25 
- 


- 
- 
3.13 
50.0 
25.0 
12.5 
3.13 
- 
12.5 


- 
- 
104 
91 
- 
- 
- 
- 
- 


Toxic 
224 
125 
133 
125 
105 


105 
111 


- 


- 
- 
- 
- 
106 


118 
- 


- 
- 
104 
155 
163 
177 
98 


106 
- 


0.96 
0.024 
0.29 
0.026 
1.7 


100.0 
- 
- 
29.0 
100.0 


100.0 
100.0 
2.2 
16.0 
2.3 
2.0 


100.0 
2.6 
2.3 
12.0 


8.9 
26.0 
2.2 


- 


- 


2.4 
2.5 
0.63 


3.13 90 - 18.0 - 
- - - 100.0 93 


25.0 123 
VI 50.0 106 


XIVb 100.0 128 
XVIIIa 12.5 117 
XVIIIb 25.0 98 


IVP 
- - - 


yl 
- - - 


VIIa 6.25 96 6.25 104 - 
- - - 
- - - 
- - - 


CH, CH3 


XIVa: R, = R, = H 
XIVb: R, = H, R, = (CH,),CN 
XIVc: R ,  = CH,(CH,),,CO, R, = (CH,)CN 


CF,CONH+ 


XVa: X = NO, 
XVb: X = NH, 
XVc: X = NHCH(CH,~(CH,) ,N(C,H,) ,  


NH2 


XVI 


2,5-dimethylhexane (XIVa) with acrylonitrile, followed by catalytic 
hydrogenation. Acylation of the intermediate dinitrile XIVb with pal- 
mitoyl chloride and subsequent reduction yielded IVa, mp 70-73O. Re- 


ductive methylation (32) of IVa afforded IVb. Compounds IVc and IVd 
were prepared by similar sequential steps through intermediates IIIa-IIIi 
from the appropriate a,w-diamines. 


The unsaturated spermine analogs were prepared according to a re- 
ported method (33). Treatment of trans-1,4-dichloro-2-butene with 3- 
dimethylaminopropylamine (Xb), followed by acylation of the inter- 
mediate diamine IIIj, yielded IV1, mp 58-60”. The novoldiamine analog 
IVm was prepared from IIIk in an analogous manner. Similarly, the 
corresponding butyne derivatives IVn (mp 40-41’) and IVo were pre- 
pared from 1,4-dichloro-2-butyne through the intermediates 1111 and 
IIIm, respectively. For the preparation of the cyclohexyl derivative IVp, 
the intermediate tetramine IIIn was obtained by reductive alkylation 


c1 mcox 
XVIIa: X = OH 
XVIIb: X = NHCH(CH,)-(CH,),N(C,H,), 


cox 
XVIIIa: R = H, X = OH 
XVIIIb: R = NO,, X = OH 
XVIIIc: R = NO,, X = NHCH(CH,)-(CH,),N(C,H5), 
XVIIId: R = NH,, X = NHCH(CH,)-(CH,),N(C,H,), 
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of 1,4-~yclohexanedione and Xb.  Acylation of IIIn readily yielded IVp, 
mp 110-115’. 


The urea derivative IVQ was prepared as follows. p-Nitrotrifluo- 
roacetanilide (XVa) ,  prepared from p-nitroaniline and trifluoroacetic 
anhydride, was reduced to the corresponding amino derivative XVb. This 
reaction was followed by reductive alkylation with IX to give XVc.  Ac- 
ylation of XVc with palmitoyl chloride and subsequent hydrolysis with 
potassium carbonate gave the p-phenylenediamine derivative XVI. 
Treatment of XVI with diethylcarbamoyl chloride in pyridine, according 
to a reported method (34), yielded IVq, mp 313-315’. 


Condensation of 6-chloronicotinic acid (XVIIa) with novoldiamine 
in the presence of dicyclohexylcarbodiimide yielded the chloronico- 
tinamide XVIIb. Amination of XVII with aqueous dimethylamine gave 
V (monophosphate, mp 105-10’7” dec.). The orotamide derivative VI (mp 
196-198”) was obtained by refluxing a mixture of novoldiamine and the 
methyl ester of orotic acid (35) in 2-methoxyethanol’. The naphthalene- 
sulfonamide VIIa (dihydrochloride, mp 77-80’) was prepared by treat- 
ment of dansyl chloride with novoldiamine. For the preparation of the 
naphthalenecarboxamide VIIb (monophosphate, mp 211-214” dec.), the 
starting material 1-naphthoic acid (XVIIIa) was nitrated according to 
previously reported methods (36,37). Condensation of the resulting ni- 
troacid XVIIIb and XI,  followed by hydrogenation and reductive alkyl- 
ation, yielded VIIb. 


Biological Activity-Test results (Table I) were obtained from the 
National Cancer Institute. Biological screening was conducted in mice 
with leukemia P-388 and B-16 melanoma and an in uitro system with 
human epidermoid carcinoma of the nasopharynx (KB cell culture). (For 
the general procedure and data interpretation, see Refs. 38 and 39.) 


None of the polyamines showed good activity against leukemia P-388. 
On the other hand, N,N’-bis(3-dimethylaminopropyl)-N,N’-bis(pal- 
mitoyl)-trans-1,4-diamino-2-hutene ( IVl )  and N,N-bis(5-diethyl- 
amino-2-pentyl)-l,4-butanediamine (IIIi) exhibited inhibitory activity 
against B-16 melanoma. Compound IVl gave test/control (T/C) values 
of 155, 163, and 177 a t  doses of 50, 25, and 12.5 mg/kg, respectively. 
Compound IIIi had a T/C value of 224 a t  25 mg/kg but was toxic a t  50 
mg/kg. 


For the KB cell culture, inhibitory activity was demonstrated when 
the EDSO value was <6 jig/ml. Based on this criterion, several acylated 
and unacylated polyamines (Ia-Ie, IIIm, IVb, IVc, IVf, IVg, and IVl- 
IVo) demonstrated inhibitory activity. Three of the most active com- 
pounds (Ib-Id) are all monoacylated polyamines that showed ED% values 
a t  concentrations of 0.024,0.29, and 0.026 pg/ml, respectively. 
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Table VI-Xilobam Tablet Stability 


Percent of Label Amount (200 mghablet) 
With Molecular 


CH, 
I 


CH, 
/ 


11 


k.0 


@NH2 -I- CO, -0 N + NH3 
I 


\ I 
CH, CH3 
111 


Iv 
Scheme I-Proposed decomposition pathway for xilobam 


placed on stability. The tablets were stable at room temperature and 40° 
but decomposed at 40" and 80% RH and at  60" and decomposed rapidly 
at  80". An odor of ammonia was noted from the decomposed samples. 
Tablets then were stored at  70" for 2 days in containers with and without 
closures. The tablets stored without closures were white and assayed 
satisfactorily. Tablets stored with closures were badly discolored, and 


Days 25" 40" 60" 80" Sieves (80") 


Initial 98.7 98.7 98.7 98.7 98.7 
- - 96.1 


109 98.1 96.2 - - 77.4 


- - 19 
39 98.4 97.9 24.5 5.4 - 


the assays showed extensive degradation. The experiment was repeated, 
and the headspace was analyzed by GLC-mass spectrometry. The mass 
spectroscopic data showed the presence of ammonia. 


Molecular sieves that absorb both water and ammonia vapors were 
added to bottles of xilobam tablets. The tablets in amber glass bottles 
with standard closures were stored at 80" for 109 days. Tablets stored 
with molecular sieves were much more stable at 80" (Table VI). Without 
molecular sieves, complete degradation was observed. 


The tablets that were degraded extensively were ground, extracted with 
methanol, and chromatographed by TLC. The separated spots were 
scraped from the plates; sufficient quantities were obtained to run IR, 
NMR, and mass spectrometric spectra. The degradation products were 
N-methylpyrrolidone, 2,6-dimethylaniline, and N,N'-bis(2,6-dimeth- 
ylpheny1)urea. The proposed degradation pathway is given in Scheme 
I. 


Xilobam tablets were studied for up to 2 years a t  25" (room tempera- 
ture) and 40° in amber glass containers. No differences were observed 
at these conditions for tablets stored without molecular sieves compared 
to those stored with molecular sieves. However, a t  higher temperatures, 
the tablets with molecular sieves were much more stable than those 
without them. 
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Abstract Determination of urinary metabolites of orally administered 
rutin and rutin-2',5',6'-d3 in humans was carried out by TLC and 
GLC-mass spectrometry. In human urine, 3-hydroxyphenylacetic acid, 
3-methoxy-4-hydroxyphenylacetic acid, 3,4-dihydroxyphenylacetic acid, 
3,4-dihydroxytoluene, and P-m-hydroxyphenylhydracrylic acid were 
identified as rutin metabolites. Unchanged rutin and quercetin were not 


Rutin, a flavonol glycoside, has been used to treat dis- 
ease states characterized by capillary bleeding associated 
with increased capillary fragility. 


The metabolic fate of rutin has been studied extensively 
in animals (1-4), but there have been only a few studies in 
humans. Some investigators (5,6) reported that unchanged 
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OH urine (24 ml) 


OH 0 


rutin 


rutin and its metabolites were not present in human urine 
after oral administration. However, Booth et al. (7) iden- 
tified 3-hydroxyphenylacetic acid (I), 3-methoxy-4-hy- 
droxyphenylacetic acid (11), and 3,4-dihydroxyphenyl- 
acetic acid (111) as the urinary metabolites of rutin. The 
fundamental problem involved with using the method of 
Booth et al. (7) is that these compounds are excreted in the 
ordinary urine (8-13). Thus, an accurate determination 
of 1-111 derived from administered rutin is not possible. 


A radioactive isotope tracer method is useful for meta- 
bolic studies. However, this method is inferior to a stable 
isotope tracer method in the structural elucidation of 
metabolites and in the safety in administration to hu- 
mans. 


This report identifies the urinary metabolites of rutin- 
2',5',6'-d 3 (rutin-d) (14) by GLC-mass spectrometry. 


(P-glucuronidase ) 
1 N HC1 (pH 5.0) 
freeze-dry 
methanol (3  ml ) 
centrifugation 


supernate 


ether 
centrifugation 


precipitate 


precipitate 


methanol (0.5 ml) 


supernate 


rutin fraction 
Scheme I-Extraction and separation procedures of rutin in human 
urine prior to and after oral administration of rutin for TLC anal- 


ysis. 


EXPERIMENTAL 


Rutin and Authentic Compounds-Rutin' was purified by column 
chromatography using cross-linked dextran gel2 with methanol and then 
was recrystallized from methanol-water (1:l). Quercetin', 3-hydroxy- 
phenylacetic acid' (I), 3-methoxy-4-hydroxyphenylacetic acid' (II), 
3,4-dihydroxyphenylacetic acid' (111), 3,4-dihydro~ytoluene~ (IV), 3- 
(3,4-dihydroxyphenyl)propionic acid4, and a-p-hydroxyphenyllactic 
acid5 were obtained commercially. 


P-m-Hydroxyphenylhydracrylic acid (V) was synthesized from 
0-m-benzyloxyphenylhydracrylic acid (mp 95') by reductive deben- 
zylation under hydrogen gas on 5% palladium-on-charcoal and then was 
recrystallized from ethyl acetate, mp 158' dec. [lit. (15) mp 159'1. 


Anal.-Calc. for C9H10O4: C, 59.34; H, 5.53. Found: C, 59.38; H, 
5.43. 


Rutin-d was prepared by hydrogen exchange according to the proce- 
dure of Hiraoka et al. (14). PMR spectra showed the isotopic ratio of dl-, 
d z - ,  and d3-forms in deuterium-labeled rutin prepared in these labora- 
tories was approximately 1:63. 


GLC-Mass Spectrometry-A GLC-mass spectrometer6 and a data 
processing system7 connected to a minicomputers were used. The GLC 
system employed a 2-m X 3-mm i.d. glass column packed with 2% OV-105 
on 60-80-mesh Chromosorb W; it was packed with 1.5% OV-1 on 80- 
100-mesh Shimalite for quercetin analysis. The column, flash heater, and 
separator temperatures were 160, 180, and 280°, respectively, and the 
helium flow rate was 20 ml/min. The mass spectrometer employed an 
ionization-source temperature of 310" and ionization energy of 20 ev. 


One minute following injection of the sample, automatic magnet 
scanning was initiated, covering an m/z range of 50-500 every 8 sec. All 
scanning data were stored in the data processing system. Mass chro- 
matograms were obtained on a digital plotter for selected mass num- 
bers. 


Drug Administration-Two of four healthy male volunteers received 
10 mg of rutin-d/kg PO, and the other two subjects received 50 mg of 
nonlabeled rutidkg PO. The test subjects were not allowed fruit and 
vegetables for 4 days prior to and 2 days after drug administration. 


~~~ 


Nakarai Chemicals Ltd., Kyoto, Japan. 
Sephadex LH-20, Pharmacia Fine Chemicals, Uppsala, Sweden 
Wako Pure Chemical Industies, Tokyo, Japan. 


4 Aldrich Chemical Co., Milwaukee, Wis. 
5 Tokyo Chemical Industry, Tokyo, Japan. 
6 LKB-9000, Shimadzu Seisakusho Ltd., Kyoto, Japan. 


8 OKITAC-4300, Oki Electric Industry Co., Tokyo, Japan. 
GCMSPAC-300, Shimadzu Seisakusho Ltd., Kyoto, Japan. 


TLC Analysis of Rutin-Urine collections were made at 0-24 hr prior 
to and at  0-48 hr after administration of nonlabeled rutin. The frac- 
tionation procedure of urine samples for TLCS is shown in Scheme I. 
Conjugated metabolites were hydrolyzed by incubation with P-glucuro- 
nidase'O (30,000 units/24 ml of urine) a t  3 7 O  for 24 hr. Each ether layer 
thus fractionated was concentrated to dryness under reduced pressure 
and then was dissolved in 5 ml of methanol. An aliquot (0.1 ml) of this 
solution was subjected to TLC. The solvent system was n-butyl alco- 
hol-acetic acid-water (41:2). The spots were visualiztd by aluminum 
chloride (16); rutin had an R f  value of 0.46. 


Identification of Metabolites by GLC-Mass Spectrometry-Urine 
was collected for 24 hr prior to and after administration of rutin-d. The 
fractionation procedure of urine samples is shown in Scheme 11. The ether 
layer was concentrated to dryness under reduced pressure. The residue 
was dissolved in dry pyridine (0.1 ml) and trimethylsilylated with N,O- 
bis(trimethylsily1)acetamide (0.05 ml) and then was subjected to the 
GLC-mass spectrometric computer system. 


urine (24 ml) 


I r  (pH 1.0) 


I I 
H I 0  ether 


1 1 
conjugated metabolites free metabolites 


trimethylsilylation I Pglucuronidase (pH 5.0) 
incubation (37", 24 hr) 
ether (pH 1.0) 


GLC-mass spectrometry 


H I 0  ether 


free metabolites 


trimethylsilylation 1 
GLCmass spectrometry 


Scheme II-Extraction and separation procedures of metabolites in 
human urine prior to and after oral administration of rutin-d for 


GLC-mass spectrometric analysis. 


9 Merck. 
10 Type H-I, Sigma Chemical Co. 
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SCAN NUMBER 
Figure 1-Mass chromatograms of trimethylsilylated metabolites in 
human urine without P-glucuronidase hydrolysis prior to (A) and after 
(B) oral administration of rutin-d. Key: a, I [M+: 296; (M + 2)+: 2981; 
b, I1 [M+: 326; (M + 2)+: 3281; c, III [M+: 384; (M + 2)+: 3861; d, IV 
[M+: 268; (M + 2) +: 2701; and e, V [M+: 398; (M -k 2) +: 4001. 


RESULTS AND DISCUSSION 


TLC Analysis of Rutin-The rutin analysis was not performed suc- 
cessfully by GLC under the various conditions tested with methyl and 
cyanoethyl silicone phase columns. The urine samples collected prior to 
and after rutin administration were subjected to TLC after the extraction 
and separation procedures shown in Scheme 1. The TLC results revealed 
that rutin was not detected in the urine with or without j3-glucuronidase 
treatment. To another urine sample collected prior to rutin adminis- 
tration was added rutin in an amount to give a concentration of 20 pg/ml, 
and this sample also was subjected to TLC. In this case, rutin was de- 
tected. Therefore, excretion of rutin into the urine after rutin adminis- 
tration is negligible or, a t  least, <20 kg/ml. These findings suggest that 
orally administered rutin might be metabolized completely. 


Determination of Metabolites by GLC-Mass Spectrometry-The 
isotopic ratio of dl- ,  dz-, and dj-forms in deuterium-labeled rutin 
(rutin-d) was 1:63. Particular attention was paid to the &-form to de- 
termine rutin metabolites by GLC-mass spectrometry. The masses of 
the molecular ions of the deuterated and nondeuterated trimethylsil- 
ylated derivatives of the metabolites derived from rutin are shown in 
Fig. 1. 


The urine samples collected prior to and after administration of rutin-d 
were subjected to trimethylsilylation with N,O-bis(trimethylsily1)- 
acetamide and analyzed by the GLC-mass spectrometric computer 
system. Mass chromatograms were obtained by monitoring the molecular 
ions of the do- (M+) and dz- [(M + 2)+] forms of the trimethylsilylated 
derivatives of possible metabolites derived from rutin. A metabolite was 
identified by examining the presence of duplicate peaks at  the same re- 
tention time in the mass chromatogram. 


Typical mass chromatograms obtained from the urine without 0-glu- 
curonidase hydrolysis are shown in Figs. 1A (prior to) and 1B (after 
rutin-d administration). The ratio of peak intensities [(M + 2)+:M+] 
shown in Fig. 1A was practically the same as that estimated from the 
natural abundance. On the other hand, in peaks a, b, c, and d shown in 
Fig. lB, the ratios of the peak intensities [(M + 2)+:M+] became larger 
than those shown in Fig. lA, indicating the increment of the peak in- 
tensity in the respective (M + 2)+ peaks. In addition, the comparison of 
the peak intensity ratios of M+ and (M + 2)+ in the mass chromatogram 
peak e (Figs. 1A and 1B) indicated a clear increment of the (M + 2)+ peak 
in Fig. 1B. These findings make it clear that orally administered rutin-d 
was metabolized to five metabolites, which also were present in the urine 
as endogenous metabolites. 


The mass spectra corresponding to the mass chromatogram peaks a, 
b, and c were the trimethylsilylated derivatives of 3-hydroxyphenylacetic 
acid (I), 3-methoxy-4-hydroxyphenylacetic acid (II), and 3,4-dihydrox- 
yphenylacetic acid (III), respectively. Identification was made by com- 
paring the mass spectra and the GLC retention times of the respective 
mass chromatogram peaks with those of the trimethylsilylated authentic 
compounds. 


In the mass spectrum of the mass chromatogram peak d, the ion at mlz 


268 appeared to be the molecular ion corresponding to the trimethylsil- 
ylated derivative of 3,4-dihydroxytoluene (IV) because it was 116 mass 
units [COOSi(CH3)3 - H] lower than the molecular ion of the trimeth- 
ylsilylated derivative of 111 (m/z 384). The GLC retention time and mass 
spectrum of trimethylsilylated authentic IV confirmed the structure of 
Metabolite d as IV. The mlz values of the molecular ion and fragment 
ion in the mass spectrum of peak d after rutin-d administration were 2 
mass units higher than those in the mass spectrum prior to rutin-d ad- 
ministration and thus were in mass spectra a, b, and c. These findings 
clearly indicated that these metabolites were derived from rutin-d. 


In the mass spectrum of the mass chromatogram peak e after rutin-d 
administration, peak intensities at m/z 269,282, and 400 were larger than 
those estimated from the natural abundance. The metabolite, although 
excreted in only a small amount, should originate from rutin-d. This 
metabolite was assigned as 6-m-hydroxyphenylhydracrylic acid (V) and 
was identified by comparing the GLC retention time and mass spectrum 
of the trimethylsilylated authentic compound. The optical rotation and 
the absolute configuration of this metabolite could not be determined. 


These five metabolites identified in urine without j3-glucuronidase 
hydrolysis also were found in the urine treated with 8-glucuronidase. 


Recently, much attention has been directed toward organic acids in 
human urine by the GLC-mass spectrometric computer system called 
“metabolic profiling” (9-13, 17). Rutin was metabolized to give four 
phenolic acids in human urine. The observation showed that flavonoids 
in plants as a diet also must be metabolized to give these types of phenolic 
acids in the urine. 


Other possible metabolites derived from rutin-d, such as 3,4-dihy- 
droxyphenylpropionic acid, a-p- or a-m-hydroxyphenyllactic acid, and 
fl-p -hydroxyphenylhydracrylic acid, were excluded by the mass spectra 
in one investigation (18). Quercetin, an aglycone of rutin, was not found 
in urine. It was impossible to follow the metabolic change occurring in 
the A ring on which no deuterium atoms are labeled. 


In this study, five metabolites (I-V) derived from orally administered 
rutin-d were differentiated from these compounds endogenously present 
and were successfully identified by the mass chromatographic method. 
These metabolites occur in<urine uia the reduction of the double bond 
of the y-pyron ring (I-V) and the dehydroxylation at  the 4’-position of 
the B ring (I and V). A study concerning the reduction in this metabolism 
is now in progress. 
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Abstract a Plasma levels of apomorphine and its conjugates were 
studied following intravenous, intraperitoneal, and oral administrations 
to mice. Following hydrolysis, apomorphine and its conjugates were as- 
sayed by high-performance liquid chromatography. The absolute bio- 
availability of apomorphine was 4%. A significant first-pass effect due 
to extensive conjugation in the liver was postulated based on calculated 
bioavailabilities and comparison of plasma levels of apomorphine and 
its conjugates following oral, intraperitoneal, and intravenous adminis- 
trations. Apomorphine-induced stereotypical cage climbing in mice was 
investigated following administration of apomorphine by the three routes. 
Analysis of time-course data obtained from the cage-climbing experi- 
ments indicated an absolute bioavailability of 16% for apomorphine. 


Keyphrases fl Apomorphine-bioavailability, effect on stereotyped 
cage climbing, mice 0 Bioavailability-apomorphine, intravenous, in- 
traperitoneal, and oral administration Behavior-apomorphine-in- 
duced cage climbing in mice, intravenous, intraperitoneal, and oral ad- 
ministration Emetics-apomorphine, bioavailability, effect on ste- 
reotyped cage climbing in mice 


Recently, there has been considerable interest in the 
pharmacology and clinical utility of apomorphine (I). Its 
ability as an antiparkinsonian (1,2) was noted at least 15 
years before the clinical adoption of levodopa (3). More 
recent studies confirmed the clinical efficacy of subcuta- 
neously administered apomorphine in the treatment of 
parkinsonism (4). Activity is observed when 1 is given to 
humans orally (5); however, the necessary dosage differ- 
ential between these two administration routes is report- 
edly greater than an order of magnitude (5). 


In addition to its potential use as an antiparkinsonian, 
I has been implicated in the treatment of Huntington's 
chorea (6,7), tardive dyskinesia (8,9), spasmodic torticollis 
(9), Gilles de la Tourette's syndrome (lo), schizophrenia 
(11-13), and thalamic pain (14). The clinical application 
of I, however, is confounded by its apparent poor, oral 
absorption (51, short duration of action (4,5), and chemical 
instability (15). 


BACKGROUND 


Prodrugs may provide a viable alternative to the use of apomorphine 
(I) per se. Its 0,O'-diesters, 11-VI, were previously prepared and tested 
in mice and rats (16-20). When injected intraperitoneally, these com- 
pounds showed prolonged pharmacological effects typical of I. Fur- 
thermore, the duration of I-like effects appear to follow rank-order rates 
of hydrolyses expected for 11-VI. However, only indirect evidence has 
been provided to correlate the pharmacological activity of I prodrugs with 
circulating blood levels of I (18-20). 


The disposition of I in mice following intravenous administration was 
also studied (21,22). Similarly to humans, the results in mice indicate 
a relatively short half-life for I. Recent studies (23) confirmed these earlier 
data (21,22). Significant first-pass effects were suggested from experi- 
ments with 3H-labeled I and measurements of total and ethyl acetate- 
extracted radioactivity in mouse plasma following intravenous, intra- 
peritoneal, and oral administrations (23). 


In the present experiments, plasma analyses of I and its conjugates by 
high-performance liquid chromatography (HPLC) were conducted to 


EXPERIMENTAL 


Reagents-All organic solvents used in the HPLC procedures were 
distilled-in-glass grade'. Water was deionized and double distilled from 
glass. R-(-)-Apomorphine hydrochloride hemihydrate2 [98% pure as 
determined by UV spectrophotometry (28)], N-n-propylnorapomor- 
phine3, boldine4, [3H]apomorphine6 (specific activity 31.3 Ci/mmole), 
and ascorbic acid6 were used as obtained. 8-Glucuronidase (bacterial type 
11; 51,300 modified Fishman units/g) was used as received', following 
activation by addition of 4 . 0 5  ml of chloroform/ml of enzyme solution. 
All other solvents and reagents were analytical reagent grade. 


HPLC Analyses-HPLC assays for apomorphine (I) in plasma were 
performed in duplicate as previously reported (29,30) but with the fol- 
lowing modifications: a 7-cm X 2.1-mm i.d. guard columns was installed 
before the analytical column, and the citrate-phosphate buffer (29,30), 
was replaced by 0.05 M acetate buffer (pH 3.25) containing 0.001 A4 so- 
dium lauryl sulfate. Analyses of I glucuronides were accomplished after 
enzymatic hydrolysis. In these instances, 200-4 plasma samples were 
mixed with 400 pl of a pH 6.8 buffer solution (0.07 M phosphate buffer 
with 8.7 mM ascorbic acid) and 50 jd of a 8-glucuronidase solution, 
equivalent to 130 Fishman units. 


The enzyme solution was incubated for 30 min at  37O, and the incu- 
bation conditions were chosen since a 15-min incubation time under 
nearly identical conditions was reported to be sufficient for the complete 
hydrolysis of N-n- propylnorapomorphine glucuronide at  a concentration 
level of 45 pglml(31). Incubation was terminated by the addition of 1.5 
ml of acetonitrile solution containing 2 pg of boldine/ml as an internal 
standard. This solution was vortexed for 5 sec and centrifuged for 10 min 
a t  1230Xg. An 800-pl portion of the supernate was then transferred to 
a 1-ml siliated vialg, evaporated, and assayed according to an earlier 
method (29). The amount of conjugated I in a sample was determined 
as the difference between the assay for free I, and the total assay, which 
includes I glucuronides. 


Li Chrosolv, E. Merck, Darmstadt, West Germany, or Burdick & Jackson 


McFarland Smith, Edinburgh, Scotland. 
Laboratories, Muskegon, Mich. 


3 Starling Winthrop Research Institute, Rensaelaer, N.Y. 
4 ICN Pharmaceuticals, Cleveland, Ohio. 
5 New England Nuclear, Boston, Masa. 


Fisher Chemical Co., Pittsburgh, Pa. ' Sigma Chemical Co., St. Louis, Mo. 
Co-Pel1 ODs, Whatman, Clifton, N.J. 


9 Reactivial, Pierce Chemical Co., Rockford, Ill. 


I : R = H  IV: R = (CH,),CHCO 
11: R = CH,CO V: R = (CH,),CCO 


111: R = CH,CH,CO VI: R = C,H,CO 


document more carefully the bioavailability of I in mice. In addition, 
comparisons were made between chromatographically measured I and 
murine stereotyped cage climbing (24-26). The latter pharmacological 
test is dopaminergic in nature (27) and is possibly an effective model for 
predicting the antiparkinsonian activity of drugs like I (26). It was hoped 
that possible blood level-pharmacological correlations might be useful 
in future evaluations of I prodrugs. 
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Table I-Plasma Levels of Apomorphine and Its Conjugates following Administration to  Mice 


Plasma Concentration, gglmla 
Intraveneous 


7.5 mglkg 15 mglkg Intraperitoneal, 50 mg/kg Oral, 50 mglkg 
Minutes Apomorphine Conjugates Apomorphine Conjugates Apomorphine Conjugates Apomorphine Conjugates 


30 0.5 
45 0.0 
60 0.0 
90 0.7 


120 0.0 


0.0 
0.0 
2.2 
1.0 
0.0 
0.9 
0.0 
0.0 
0.0 


4.0 
3.4 
2.5 
2.0 
0.7 
0.0 
0.0 
0.0 
0.0 


0.0 
0.7 
2.0 
2.8 
2.6 
0.7 
1.0 
0.9 
0.0 


3.1 
5.0 
3.1 
4.2 
0.8 
0.0 
0.0 
0.0 
0.0 


7.3 
22.9 
22.0 
22.7 
14.6 
1.4 
1.8 
0.8 
2.4 


0.0 5.4 
0.0 8.8 
0.0 3.3 
0.0 1.9 
0.0 2.4 


As determined by HPLC; average of five or six animals per data point. Values of <0.4 gg/ml (limit of assay sensitivity) were determined as zero. 


Table 11-Bioavailability Parameters for  Apomorphine as Determined by HPLC 


Parent Drug” Conjugatesa 
RouteDose, AUCo-90, cm, ,  t,, AUCo-90, ~m,, tmfu, 


m g l k  fig minlml PgIml min gg min/ml ccglml mm 


iv/15 
iv/7.56 
po/50 
iDl50d 


49 
29 
7 


I 0  


4.0 
2.7 
1.0 
5.0 


3 
3 
5 
5 


94 
31 


369 
610 


2.8 
2.2 


12.6 
22.9 


15 
LO 
10 
12 


~ ~ ~~~~~~~~ 


Obtained from HPLC analyses of pooled plasma of five or six mice at each study time (see Experimental). * Percent parent drug circulating (AUC parent d r u g l A U ~  
parent drug + AUC conjugates X 100) = 34%. (iv/15) and 48% (iv/7.5). C Percent parent drug circulating = 2%. Percent parent drug circulating = 1W calculated from 
results with [3H]apomorphine (ip/50), 10% (ether extraction), and 16% (ethyl acetate extraction). 


Assay of [SH]Apomorphine in Plasma-Two 100-g1 portions of a 
plasma sample were each mixed with 1 ml of 0.5 M phosphate buffer (pH 
7.0) saturated with sodium chloride. The solutions were extracted with 
4.0 ml of ether or ethyl acetate by vortexing for 5 rnin and then were 
centrifuged at 1230Xg for 20 min. A 2.0-ml portion of each organic layer 
was mixed with 18.0 ml of scintillation cocktaillo, and 0.5 ml of each 
aqueous layer was mixed with 9.5 ml of the cocktail. The solutions were 
counted” at  40% efficiency. 


Bioavailability Studies-All investigations were conducted with 
experimentally naive male CD-1 albino mice12, 20-36 g. Throughout the 
studies, access to food and water was provided ad libitum. Animals were 
maintained on a 12-hr light-dark cycle (lights on at 6 am and off at 6 pm), 
and all testing was done between 9 am and 5 pm. Only one plasma sample 
or one videotaping of stereotypic cage climbing was evaluated from each 
mouse after dosing; however, each data point was obtained by averaging 
analyses of pooled plasma samples or stereotyped behavior of five or six 
animals. 


Dose levels of 50 mg of Ilkg were administered orally and intraper- 
toneally, and 15 and 7.5 mglkg were given intravenously. For the radio- 
chemical study, a 50-mg of I/kg ip dose was given equivalent to -100 
Cilkg of [3H]apomorphine. Apomorphine was administered orally as an 
aqueous solution by intubation into the stomach uia a suitable needle 
attached to a syringe; intraperitoneal and intravenous doses were given 
by injection. 


Blood samples (400 fil) were taken from the infraorbital sinus (32) into 
heparanized tubes at 0,3,5,10,15,30,45,60,90, and 120 min following 
I administration and were immediately centrifuged. For chromatographic 
assay samples, 40 pl of a 150 mM ascorbic acid solution was added as an 
antioxidant to every 1-1.5 ml of plasma pooled from five or six mice per 
time interval following administration. For selected time periods, up to 
three replicate samples were collected by the pooled plasma method to 
evaluate the reproducibility of results. The samples were stored at  -15’ 
until analyzed. This temperature and the use of ascorbic acid prevents 
significant decomposition of I for up to 10 weeks (33). All chromato- 
graphic assays were completed within 2 weeks of sampling. For the ra- 
dioactive samples, 100-fil portions of plasma from each mouse were im- 
mediately extracted and/or counted directly within 48 hr. Five [3H]- 
apomorphine samples were collected for each time period. 


Stereotyped Cage Climbing-A modification of a previous procedure 
(24) was used. For a 1-hr habituation period, the mice were placed into 
cylindrical cages, 12 cm in diameter X 14 cm high, with walls of vertical 
bars, 2 mm in diameter and 1 cm apart, surmounted by fine wire mesh. 


lo Ready-Solo GP, Beckman Instruments, Fullerton, Calif. 
l1 LS 8000 scintillation counter, Beckman Instruments, Fullerton, Calif. 
l2 Charles River Laboratories, Wilmington, Mass. 


Immediately prior to the administration of I (2.0 and 7.5 mghg iv, 2.0 
and 4.0 mglkg ip, or 50 mghg PO) or isotonic saline (intraperitoneally), 
behavior was videotaped to establish a baseline of activity for each animal. 
Beginning 3 rnin after drug administration, the behavior of each animal 
was videotaped and later rated “blind” by methods previously described 
(26). 


Calculations-Bioavailability of oral and intraperitoneal doses 
compared to the intravenous dose was calculated as the ratios of the 
corresponding areas under the experimental curves (AUC) obtained by 
cutting and weighing. Areas beyond the last sampling point were initially 
obtained by extrapolating the apparent concentration decay phase of the 
individual experimental plasma concentration uersus time curves to 
infiite time (34). In the f d  analyses (Table II), AUC valuea for the 0-90- 
min period were obtained because of negligible plasma levels of drug and 
conjugates for most routes a t  120 min. Bioavailability was calculated by 
dividing AUC, by AUCi, after multiplication by the intravenous-oral 


0.5 


1’0 io io $0 90 1 io 
MINUTES 


Figure 1-Time course of murine cage climbing following administra- 
tion of apomorphine. Key: 0,2.0 mg/kg iu; X , 4  mg/kg ip; and 0 , 5 0  
mglkg PO.  
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dose ratio. Peak serum concentrations (CmX), maximum cage-climbing 
scores, and times of the peak concentration or score were obtained 
from the individual plasma level or stereotypic behavior versus time 
curves. 


RESULTS AND DISCUSSION 


Plasma samples obtained from mice dosed with apomorphine (I) by 
intravenous, intraperitoneal, and oral routes were analyzed by HPLC 
(29,30). Only parent drug was detected in plasma ether extracts, con- 
f i i i n g  preliminary results obtained by TLC with [3H]apomorphine (23). 
The major metabolite(s) behaved as an 0-glucuronide(s) from analyses 
of plasma fractions treated with 8-glucuronidase. The importance of 
0-glucuronidation in the metabolism of I in mice was reported previously 
(21,35). 


The data in Tables I and I1 reveal that I is largely present in plasma 
in its conjugate form, especially after intraperitoneal and oral adminis- 
trations. Furthermore, experiments utilizing [3H]apomorphine and both 
ether and ethyl acetate extractions provided measurements of I and its 
apparent conjugates (following intraperitoneal administration) that were 
consistent with those in the HPLC determinations. In no experiments 
were the mono-0-methyl ethers of I, apocodeine (VII), and isoapocodeine 
(VIII) detected as metabolites. 


Compounds VII and VIII are readily determined by the HPLC system 
utilized (36) and are formed in uitro when I is incubated with rat liver 
catechol-U-methyltransferase preparations fortified with S-adenosyl- 
methionine (37-39). Furthermore, in viuo experiments (stereotyped 
behavior) in rats with I and catechol-0-methyltraferase inhibitors seem 
to suggest a role for VII andlor VIII in the metabolism of I (39). Indeed, 
Symes et al. (40) found elevated brain levels of I in rats pretreated with 
pyrogallol and tropolone, both catechol-0-methyltransferase inhibitors. 
However, these authors acknowledged that pyrogdol and tropolone may 
serve as inhibitors of apomorphine 0-glucuronidation. The mono-0- 
methylation of I is perhaps species specific or is of little apparent quan- 
titative significance in the mouse. 


CH3 
VII VIII 


The absolute bioavailability of I following oral administration [(AUC 
parent drug poldose po)/(AUC parent drug ivldose iv) X 100) averaged 
4%, which confirms similar results obtained using [3H]apomorphine (23). 
Thus, there appears to be a significant first-pass effect when I is ad- 
ministered orally to mice. The relative amount of unconjugated I found 
in plasma after intraperitoneal administration was higher than that ob- 
served after oral administration but was relatively lower than the levels 
of parent drug found after intravenous dosing. The percent of circulating 
parent drug followed the order intravenous > intraperitoneal > oral, and 
the results with intraperitoneal dosing were confirmed by experiments 
with [3H]apomorphine (Table 11). This finding probably indicates con- 
siderable portal uptake after intraperitoneal administration as suggested 
previously (41). 


Despite the apparent rapid and extensive conjugation of I in the mouse, 
its bioavailability as measured by the extent of absorption of drug plus 
conjugates [(AUC parent drug PO + AUC conjugates po/dose)/[AUC 
parent drug iv + AUC conjugates iv/doee) X 1001 averages nearly 90%. 
Thus, the poor pharmacological activity observed following oral ad- 
ministration of I to mice is likely related to the efficient conjugation to 
an apparently inactive (or poorly active) conjugate. Similar conjugations 
and analogous first-pass effects may be the cause of reportedly poor oral 
activity of I in rats (16) and humans (5). 


Stereotyped Cage Climbing-Apomorphine-induced stereotypical 
cage climbing was studied after intravenous, oral, and intraperitoneal 
administrations. Cage climbing in mice is an unusual, but apparently 
specific, response to certain dopaminergic agents (25-27). Treated mice 
respond by “verticalization” in which two or four paws remain clutching 
to the vertical bars of specially designed cylindrical cages (24). The cage 
climbing response is accurately and reproducibly rated by the videotape 
methodology previously described (26). 


Table 111-Time Course Measurements of Apomorphine- 
Induced Cage Climbing in Mice 


AUC, unitslmin RouteDose, mgbg t max 


iv17.5 10 240 
iv12.0 15 86 
POI50  15 286 
ip14 10 32 
ipl2 10 16 


The time courses of I-induced cage climbing for representative doses 
of I are depicted in Fig. 1. Responses occurred almost immediately fol- 
lowing administration, while maximum ratings were observed (Table 111) 
within a few minutes of the t,,, determined for I by HPLC. Thus, the 
behavioral response appears to mimic the time course-blood levels of I 
in mice (21-23). The potentiation of I-induced stereotypical behavior 
in rodents by compounds that can serve as inhibitors of O-glucuronida- 
tion or catechol-0-methyltransferase also supports this proposal13 (39, 
40). 


The relative AUC values (Table 111) observed for the time course of 
cage climbing after different administration routes nicely parallel the 
data determined radiochemically and by HPLC and also by previous 
radiochemical assays (23). An absolute bioavailability measurement for 
I can be calculated using the stereotyped cage climbing data in Table I11 
[i.e., (AUC-cage climb po/dose po)/(AUC-cage climb iv/dose iv) X 1001. 
When averaged over the available data, the absolute bioavailability of 
I was calculated as 1670, which is of a similar order of magnitude as the 
4% found after HPLC analyses. 


As an extension of the data presented, it appears that murine cage 
climbing may be useful in evaluating the in uiuo release of I from its 
prodrugs. Before this evaluation, however, correlations should be sought 
between chemical analyses of I released in uiuo and stereotyped cage 
climbing produced by prodrugs. Evaluations of this type are currently 
being investigated and will be the subject of a future report. 
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Abstract 0 Based on the fact that some known antineoplastic agents 
possess an ester moiety within their structure, the esters of helenalin, a 
sesquiterpene lactone, and of brusatol and bruceantin, quassinoids, were 
synthesized and tested for antileukemic activity in the P-388 screen. 
These agents gave different T/C %values dependent on the P-388 lym- 
phocytic leukemia strain and the host strain of mice used. Later studies 
demonstrated that the agents caused different degrees of inhibition of 
nucleic acid and protein synthesis in the various P-388 strains. The higher 
the degree of inhibition of precursor incorporation into the nucleic acid 
or protein, the higher was the T/C % value obtained in a given P-388 
strain. The study demonstrates the lack of consistency of P-388 lym- 
phocytic leukemia cell lines used in various laboratories and indicates 


that the inbred strain of mice is a critical factor in the tolerance of drug 
toxicity and, thus, T/C % obtained. 


Keyphrases P-388 lymphwytic leukemic cells-antileukemic activity 
of helenalin, brusatol, and bruceantin and their esters 0 Antileukemic 
agents-comparison of helenalin, brusatol, and bruceantin and their 
esters Helenalin-comparison with brusatol, bruceantin, and their 
esters, antileukemic activity 0 Brusatol--comparison with helenalin and 
bruceantin and their esters, antileukemic activity 0 Bruceantin-com- 
parison with helenalin and brusatol and their esters, antileukemic ac- 
tivity 


The naturally occurring sesquikrpene ladones continue 
to provide numerous examples of structures exhibiting 
significant cytotoxic antitumor activity (1). In general, they 
have proven to be potent inhibitors of Walker 256 carci- 
nosarcoma growth in rats and Ehrlich ascites carcinoma 
growth in mice and marginal inhibitors of P-388 lympho- 
cytic leukemia in mice,@). For example, eupaformosanin 
(3), molephantinin (4), phantomolin (5), eupahyssopin (61, 


and helenalin (I) (7) all demonstrated highly significant 
inhibitory activity in the Walker 256 carcinosarcoma 
survival system with a T/C value of Z300% at the low dose 
of 2.5 mghg (T/C >14W0 required for significant activity). 
However, in the P-388 murine lymphocytic leukemia 
screen, an in uiuo test system currently used as a standard 
method by the National Cancer Institute (NCI) for eval- 
uating compounds of natural origin, these compounds 
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Abstract 0 When heated at temperatures in excess of loo', the stability 
of neomycin in aqueous ophthalmic formulations was improved by the 
addition of edetate disodium (0.01%). As the exposure temperature was 
reduced, the degree of stability enhancement diminished until the effect 
was reversed, and addition of edetate disodium was detrimental to neo- 
mycin stability in solutions stored at  30'. 


Keyphrases 0 Neomycin-stability in ophthalmic solutions containing 
edetate disodium 0 Edetate disodium-temperature-dependent effect 
on neomycin stability Stability-neomycin in solutions containing 
edetate disodium 


Edetate disodium (I) has been used to restrict metal- 
catalyzed oxidation of various drugs including several 
antibiotics (1-3). Neomycin (II), in common with other 
aminoglycoside antibiotics, is susceptible to atmospheric 
oxidation (4), and I has been recommended for inclusion 
in various neomycin preparations described in national 
formularies ( 5 ,  6 ) .  The factual basis for this recommen- 
dation is obscure, because few reports directly described 
the effects of I on the stability of 11, although I has been 
included in formulations of fradiomycin (7), the principal 
components of which are neomycins B and C (8). The 
foregoing, together with observations during work on ne- 
omycin stability (9) that suggested I was of doubtful value 
in stabilizing neomycin at room temperatures, prompted 
the present study. 


1 . 8 1  
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TEMPERATURE 
Figure 1-Effect of heating temperature on the ratio of times required 
to achieve 15% (A) or 50% (m) neomycindegradation i n  the presence 
and absence of edetate disodium. 


EXPERIMENTAL 


All reagents, apparatus, and procedures were described previously (9). 
The prepared 0.2 and 0.5% neomycin sulfate ophthalmic solutions con- 
tained 0.7% Na~HP04.12Hz0, 0.7% NaH2PO4.2H20, and 0.002% 
phenylmercuric nitrate; 0.01% edetate disodium was included as re- 
quired. 


Initially, 3.5 ml of 0.2% neomycin solutions with and without I were 
sealed in neutral glass ampuls of nominal 5-ml capacity, leaving -2 ml 
of airspace. The ampuls were heated by immersion in an oil bath at 120', 
removed at  suitable intervals, and rapidly cooled, and the contents were 
assayed. Plots of log percentage residual neomycin against time were 
constructed for solutions with and without I. Loss of neomycin did not 
consistently follow either zero- or first-order kinetics, and it was not 
possible to represent decomposition by a rate constant. For this reason, 
the effect of I inclusion was recorded as the ratio of times required to 
achieve either 15 or 50% neomycin loss in the presence and absence of I. 
This procedure was adopted also for 0.2% neomycin solutions heated 
between 45 and 112'. 


The 0.5% neomycin solutions with and without edetate disodium were 
prepared to investigate the effect of changing the ratio of I to I1 and also 
to examine the stability of I1 at  loo", the temperature recommended for 
the BP process of heating with a bactericide (10). The solutions also were 
stored at  30°, and the stability of I1 was monitored. 


Discoloration of solutions was recorded as absorbance at  450 nm. 


RESULTS AND DISCUSSION 


The relationship between heating temperatures and the benefit re- 
sulting from inclusion of edetate disodium in the formulation is shown 
in Fig. 1. The beneficial effect, in terms of the time required for 50% ne- 
omycin loss, declined as the exposure temperature was reduced from 120 
to 110'. Thereafter, the benefit was eliminated, and lowering the tem- 
perature further resulted in a progressively severe detrimental effect. A 
similar relationship was observed when a 15% fall in neomycin concen- 
tration was considered, but the advantage of edetate disodium inclusion 
was retained down to 80'. Thus, at temperatures between 80 and llOo, 
I afforded protection to I1 during the initial heating, but the reverse sit- 
uation arose on prolonged exposure. In the 0.2% neomycin solutions, 
insufficient degradation occurred for values to be plotted at temperatures 
lower than 45 and 60' for 15 and 50% loss, respectively. 


In the 0.5% neomycin solutions heated at  loo', the degradation rates 
down to -70% of the initial concentration were almost identical in the 


DAYS AT 30" 
Figure 2-Stability of 0.5% neomycin solutions with (0) and without 
(A) edetate disodium during storage at 30'. 
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DAYS AT 30” 
Figure 3-Discoloration of 0.5% neomycin solutions with (a) and 
without (A) edetate disodium during storage at  30°. 


solutions with and without I. Thereafter, the rate was slightly greater in 
the solution containing I (data not shown). 


The fall in neomycin concentration and the associated discoloration 
of the solutions during storage at 30’ are shown in Figs. 2 and 3. The data 
illustrated are for 10 ml of solution in amber ophthalmic dropper bottles. 
Solutions stored in ampuls at 30’ gave qualitatively similar results, but 
the extent of degradation was somewhat less, due possibly to the smaller 
proportion of air to liquid in the ampuls. During prolonged storage, I1 
was more stable in the absence rather than the presence of I. This pattern 
was reflected in the discoloration of‘ the solutions. 


Ethylenediaminetetraacetic acid or its disodium salt were observed 
previously to increase the degradation rate of epinephrine ( l l ) ,  physo- 
stigmine (12), and isoproterenol (13), which, like neomycin, all possess 
basic nitrogen groups in the molecule. With epinephrine (11) and iso- 
proterenol (13), the diminished stability occurred at  37 and 60°, re- 
spectively, when ethylenediaminetetraacetic acid was present together 
with ferric ions at neutral pH values, although the mechanisms respon- 
sible for this effect have not been explained adequately. In the experi- 
mental system used in the present study, iron was not present other than 
as a contaminant of other chemicals or if it leached from glass. Further- 
more, the same qualitative effects of edetate disodium inclusion were 


observed regardless of the neomycin batch, buffer concentration, color 
of the glass container, and presence or absence of phenylmercuric nitrate 
as a preservative. 


The reported results show that inclusion of edetate disodium in neo- 
mycin ophthalmic formulations is likely to reduce the stability of the 
antibiotic during long-term storage at room temperatures. This effect 
is particularly important if the antibiotic solution is sterilized by filtration 
because the data indicate that the destabilization is operative even during 
the early storage period and that the initial protective effect observed 
at  high temperatures is eliminated. 
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Abstract 0 Magnesium salicylate tetrahydrate is a nonhygroscopic, 
crystalline powder, whereas anhydrous magnesium salicylate is amor- 
phous and very hygroscopic. Magnesium salicylate tetrahydrate tablets 
formulated with gelatin as a binder showed a dissolution half-life (tllz) 
of 12 min, whereas a formulation using pregelatinized starch as a binder 
showed a t 112 of 33 min. The optimum level of calcium stearate in the 
formulation was determined by the oscilloscope tracings of compressional 
and ejectional forces from an instrumented rotary tableting machine. 
Increasing the level of calcium stearate from 1 to 1.5 and 2% resulted in 
dissolution t 1 /2  values of 12, 18, and 21 min, respectively, and a higher 
incidence of softer tablets and capping. 


Keyphrases Magnesium salicylate-physicochemical properties, 
tableted tetrahydrate and anhydrous forms, effect of calcium stearate 
on dissolution rate Calcium stearate-effect on dissolution rate of 
tableted magnesium salicylate Dissolution-effect of calcium stearate 
on magnesium salicylate tablets Analgesics-magnesium salicylate 
tablets, effect of calcium stearate on dissolution 


Magnesium salicylate is a white powder with analgesic, 
antipyretic, and anti-inflammatory properties similar to 
those of aspirin (1). Although magnesium salicylate or 


combinations of magnesium salicylate with other analge- 
sics have been widely used in various diseases, the physi- 
cochemical properties of magnesium salicylate are not well 
characterized. This study characterized the physico- 
chemical properties of magnesium salicylate and deter- 
mined the effect of several excipients on the dissolution 
rate from tablet formulations. 


EXPERIMENTAL 


Materials-Magnesium salicylate tetrahydrate, anhydrous magne- 
sium salicylate, lactose monohydrate, gelatin, pregelatinized starch, 
FD&C Red No. 3 aluminum lake, and calcium stearate were used for 
tablet preparations. 


Thermogravimetric Analysis-Profiles of the tetrahydrate and 
anhydrous forms were obtained under nitrogen with a heating rate of 
20°/min. 


X-Ray Diffraction-Profiles of the tetrahydrate and anhydrous 
forms were determined using nickel-filtered radiation with a copper 
target, a range of 500, and time constant 5. 


Equilibrium Moisture Content-Sulfuric acid-distilled water ad- 
mixtures were prepared for the relative humidity chambers; 20,40,60, 
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Abstract  0 A rapid reversed-phase high-performance liquid chroma- 
tographic (HPLC) method was developed for the simultaneous assay of 
theophylline, ephedrine hydrochloride, and phenobarbital in a tablet 
matrix. A methanolic extract of the powdered sample containing sali- 
cylamide as the internal standard was injected into the chromatograph. 
The HPLC system used methanol-0.007 M monobasic potassium 
phosphate (37:63, pH 2.3) as the mobile phase. Detection was a t  254 nm, 
and quantitation was based on the drug-internal standard peak area 
ratio. This ratio was linear over a concentration range of 20.9-83.5 pg of 
theophylline, 4-15.9 pg of ephedrine hydrochloride, and 1.3-5.1 pg of 
phenobarbital. Overall recoveries ( G ' D )  from three synthetic tablets 
were: theophylline, 99.8 f 1.3%; ephedrine hydrochloride, 100.2 f 0.6%; 
and phenobarbital, 99.4 f 0.7%. The method was compared to the com- 
pendial method and also was applied to the assay of commercial tablets 
containing these three active ingredients. The proposed method is ap- 
plicable to the assay of individual tablets. 


Keyphrases High-performance liquid chromatography-simulta- 
neous assay of theophylline, ephedrine hydrochloride, and phenobarbital 
0 Sedatives-simultaneous high-performance liquid chromatographic 
assay of theophylline, ephedrine hydrochloride, and phenobarbital 
Bronchodilators-simultaneous high-performance liquid chromato- 
graphic assay of theophylline, ephedrine hydrochloride, and phenobar- 
bital 


Tablets containing a mixture of theophylline, ephedrine 
hydrochloride, and phenobarbital are used as bronchodi- 
lators and sedatives. This dosage form was official in NF 
XIV and then was admitted to USP XX. No changes were 
made in the assay upon admission to USP XX, except that 
ephedrine sulfate instead of the hydrochloride now is used 
as the standard (1). 


BACKGROUND 


The cornpendial method is laborious and time consuming (-10 hr), 
involving the passage of the sample solution through two liquid chro- 
matographic columns followed by partial or complete evaporation of the 
several liquid fractions obtained. The method also involves solvent ex- 
traction of one of the eluates, resulting in separation of the mixture into 
three fractions, each containing a single drug. The fractions are measured 
hy UV spectroscopy. 


Lach et a!. (2) analyzed these tablets by UV spectroscopy, but a sep- 
arate tablet sample was required for the assay of each drug. Measurement 
was made after each drug was isolated from the tablet matrix by a dif- 
ferent solvent extraction. 


GLC methods for the analysis of mixtures of these three drugs in 
tablets or  suspensions were previously reported (3,4). In these reports, 
ephedrine generally was assayed separately, and the phenobarbital and 
theophylline were chromatographed directly after solvent extraction. 
Ephedrine was converted to benzaldehyde prior to chromatography by 
treating a second sample with periodate ( 3 ) .  The suspensions were as- 
sayed by separating the sample into two fractions, one containing 
ephedrine and the other containing theophylline and phenobarbital, 
which then were gas chromatographed (4). 


Quantitative determinations of single entities of theophylline or 
phenobarbital in various dosage forms and biological samples based on 
reversed-phase high-performance liquid chromatography (HPLC) were 
puhlished previously and reviewed (5,6). Some reversed-phase HPLC 
assays for ephedrine hydrochloride also were reported (7,s) .  


This paper presents the simultaneous assay of theophylline, ephedrine 
hydrochloride, and phenobarbital in tablet mixtures by reversed-phase 
HPLC with salicylamide as the internal standard. The HPLC method 
is simple and rapid and is also more accurate and reproducible than the 
cornpendial method. 


EXPERIMENTAL 


Apparatus-The high-performance liquid chromatograph' was 
equipped with a constant-flow pump2, a valve-type injector3, a fixed- 
wavelength (254-nm) UV detector4, and a strip-chart recorder5. 


Reagents and Materials-I-Ephedrine hydrochloride6, theophylline7, 
~alicylamide~, phenobarbitals, 0.007 M KH2P04 in water (adjusted to 
pH 2.3 with 85% aqueous phosphoric acid), and methanolg were used. 
Other chemicals used were analytical grade. 


Chromatographic Conditions-A 25-cm X 4.5-mm i.d. 10-pm Par- 
tisil ODS I1 ITP columnlo was used a t  ambient temperature. The mobile 
phase was methanol-0.007 M KHzP04 (pH 2.3,37:63). This solution was 
filtered through a 5-pm membrane filter", degassed, and then pumped 
through the HPLC system a t  a rate of 1.2 ml/min. The detector was at- 
tenuated to 2.0 aufs for theophylline and salicylamide and to 0.05 aufs 
for ephedrine hydrochloride and phenobarbital. 


Internal Standard Solution-The internal standard was salicylamide 
prepared as a 12-mg/ml solution in methanol. 


Preparation and  Assay of Standard Solution-Approximately 260 
mg of theophylline, 50 mg of ephedrine hydrochloride, and 16 mg of 
phenobarbital were weighed accurately into a 100-ml volumetric flask. 
After -25 ml of methanol was added, the mixture was placed in an ul- 
trasonic bath for 5 min and the resulting solution was diluted to volume 
with methanol. Twenty milliliters of this solution was pipetted into a 
25-ml volumetric flask. After addition of 1.0 ml of the internal standard 
solution, the solution was diluted to the mark with methanol and filtered 
through a 5-pm membrane filter". By using a 25-pl syringe12, three 20-4 
portions of the filtrate were chromatographed under the described HPLC 
conditions and the average drug-salicylamide peak area ratio was de- 
termined. 


Assay of Theophylline, Ephedrine Hydrochloride, and Pheno- 
barbital  Tablets-Twenty tablets were weighed and finely powdered. 
A portion of the powder equivalent to 8 mg of phenobarbital was weighed 
accurately and transferred to a 50-ml volumetric flask. Approximately 
20 ml of methanol was added, and the mixture was placed in an ultrasonic 
bath for 5 min and then diluted to volume with methanol. Twenty mil- 
liliters of this mixture was pipetted into a 25-ml volumetric flask and 
treated as already described. 


RESULTS AND DISCUSSION 


A study of theophylline, ephedrine hydrochloride, and phenobarbital 
tablets from 13 manufacturers revealed that 45% of the tablet lots were 
not chemically equivalent, indicating a need for improvement in manu- 
facturing and quality control (2). An assay for quality control use, par- 


Model ALC/GPC 244, Waters Associates, Milford, Mass. 
2 Model 6000A, Waters Associates, Milford, Mass. 


Model U6K, Waters Associates, Milford, Mass. 
Model 400, Waters Associates, Milford, Mass. 


5 Omniscribe Series A-5000, Houston Instruments, Austin, Tex 
Sigma Chemical Co., St. Louis, Mo. 
Eastman Kodak Co., Rochester, N.Y. 
USP grade, Merck & Co., Rahway, N.J. 


9 HPLC grade, Fisher Scientific Co., Fair Lawn, N.d. 
lo Jones Chromatography Inc.. Columbus, Ohio. 
11 Mitex type LS, Millipore Corp., Bedford, Mass. 
l2 Series B-110. Precision Sampling Corp., Baton Rouge, La. 
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Table I-Recovery Data from Synthetic Tablets 


Amount Found", mghablet Average Recovery, % 
Tablet Component Amount Weighed, mghablet HPLC Method USP XX Method HPLC Method USP XX Method 


A Theophylline 


B Theophylline 


C Theophylline 


Ephedrine hydrochloride 
Phenobarbital 


Ephedrine hydrochloride 
Phenobarbital 


Ephedrine hydrochloride 
Phenobarbital 


129.3 
24.1 
8.1 


130.1 
24.1 
8.1 


121.3 
23.0 
7.6 


129.4, 129.6 129.2, 130.2 100.2 
24.0,24.1 26.2,26.3 99.8 
8.1, 8.1 8.6, 8.7 100.0 


131.0, 131.3 131.7. 132.7 100.8 
24.0; 24.2 25.4; 26.5 100.0 
8.0. 8.1 8.9.9.1 99.4 


119.1; 119.3 i2i.4: 122.4 
23.2, 23.2 24.6,24.7 


7.5, 7.5 8.2, 8.2 


98.3 
100.9 
98.7 


100.3 
108.5 
106.8 
101.6 
107.7 
111.1 
100.5 
107.2 
107.9 


Values of duplicate assays. 


Table 11-Recovery Data from Commercial Tablets 
~ _ _ _ _ _  


Tablet Component 
Amount Foundb, mghablet Label Claim, % 


HPLC Method USP XX Method HPLC Method USP XX Method 


A Theophylline 


B Theophylline 


C Theophylline 


Ephedrine hydrochloride 
Phenobarbital 


Ephedrine hydrochloride 
Phenobarbital 


Ephedrine hydrochloride 
Phenobarbital 


~ 


115.8, 116.3 
24.2, 24.2 
7.8, 7.9 


119.9, 121.5 
24.1, 24.2 
8.3,8.3 


118.5, 119.2 
24.0, 24.1 
8.3. 8.3 


118.4, 120.5 
25.3, 25.8 
8.8, 8.9 


118.5, 118.5 
25.1, 25.4 
8.5, 8.5 
- 
- 
- 


89.3 
100.8 
98.2 
92.9 


100.6 
103.8 
91.5 


100.2 
103.8 


91.9 
106.5 
110.7 
91.2 


105.2 
106.3 
- 
- 
- 


Label claim per tablet: theophylline. 130 mg; ephedrine hydrochloride, 24 mg; and phenobarbital, 8 mg. * Values of duplicate assays. 


ticularly for content uniformity and dissolution tests, should be simple, 
convenient, rapid, and accurate. 


Theophylline, ephedrine hydrochloride, and phenobarbital vary greatly 
in acidity and polarity. In addition, the polar, strongly basic amine 
ephedrine has low molar absorptivity at its wavelengths of maximum 
absorption of 252,257, and 263 nm. In the mobile phases that gave good 
symmetrical peaks for weakly acidic theophylline and phenobarbital and 
good separation between the three drugs a t  various pH values, ephedrine 
showed small, broad, and unsymmetrical peaks. However, the mobile 


r v , I 


0.05 2.0 0 . 0 5  
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2 
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Figure 1-Chromatogram of a Figure %-Chromatogram of a 
mixture of ephedrine hydrochlo- commercial tablet. Key: I ,  
ride ( I ) ,  theophylline (2), salicyl- ephedrine hydrochloride; 2,  
amide (31, and phenobarbital (4) theophylline; 3, salicylamide (in- 
i n  methanol at 2.0 aufs. ternal standard); and 4, pheno- 


barbital. 


phase of methanol-0.007 M KHzP04 (pH 2.3,37:63) produced a sharp 
and symmetrical ephedrine peak. 


The proposed HPLC method simultaneously assays the three drugs; 
the tablet sample is dissolved in methanol, and this solution is injected 
into the chromatograph in the presence of salicylamide as the internal 
standard. The peaks of the four compounds were well resolved (Fig. l ) ,  
although it was necessary to change the attenuation of the detector during 
the run due to  the relatively lower ephedrine hydrochloride and pheno- 
barbital concentrations. Under the experimental conditions, the retention 
times were: ephedrine hydrochloride, -3.3 min; theophylline, -7.5 min; 
salicylamide, -10.5 min; and phenobarbital, -17 min. The average height 
equivalent to a theoretical plate ( f S D )  of the column ranged from 1.47 
f. 0.05 mm for ephedrine hydrochloride, to 0.80 f 0.03 mm for theo- 
phylline, to 0.34 f 0.02 mm for phenobarbital ( n  = 10). 


Quantitation was based on the drug-internal standard peak area ratio. 
With these ratios, the linearity between the detector response at 254 nm 
and amount of drug injected was established for the three drugs. Linearity 
was obtained between 20.9 and 83.5 pg of theophylline, 4 and 15.9 pg of 
ephedrine hydrochloride, and 1.3 and 5.1 p g  of phenobarbital. The 
working amount was 41.6 pg of theophylline, 7.7 pg of ephedrine hydro- 
chloride, and 2.6 pg of phenobarbital. The regression equations (&!XI, 
n = 3) for the drug-internal standard peak area ratio ( A )  and amount 
of drug injected ( B ,  expressed in milligrams) were A = (221.29 f 2.09)B 
+ (0.90 f 0.11) for theophylline, A = (5.24 f 0.13)R + (0.003 f 0.001) for 
ephedrine hydrochloride, and A = (29.29 f 0.54)B - (0.000 f 0.002) for 
phenobarbital. The correlation coefficients ( A S D ,  n = 3) were 0.9987 f 
0.0009,0.9997 f 0.0004, and 0.9997 f 0.0001 for theophylline, ephedrine 
hydrochloride, and phenobarbital, respectively. 


A tablet mixture containing the same amounts of theophylline, 
ephedrine hydrochloride, and phenobarbital as in the commercial tablet 
was prepared. When the tablet placebo'g was subjected to the assay, a 
small peak appeared on the chromatogram (retention time of -2 min), 
which could be attributed to one or more ingredients in the placebo. No 
peaks were observed in the region of the peaks of salicylamide and the 
three active ingredients. The recovery data from the synthetic tablets 
are presented in Table I. The overall recoveries ( f S D )  from three syn- 
thetic tablet mixtures were 99.8 f 1.3% for theophylline, 100.2 f 0.6% 
for ephedrine hydrochloride, and 99.4 f 0.7% for phenobarbital. 


For comparison, the synthetic tablets also were analyzed by the com- 
pendial method. Except for theophylline, the recoveries for ephedrine 
hydrochloride and phenobarbital were consistently higher (Table I). The 
cornpendial overall recoveries ( f S D ,  n = 3) were 100.8 f 0.770, 107.8 f 


l3 The composition of the tablet placebo was: cornstarch, 52.66%; confectioners 
sugar, 38.89%; dextrose, 6.78%; sodium bisulfite, 0.15%; and magnesium stearate, 
1.52%. 
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0.7%, and 108.6 f 2.2% for theophylline, ephedrine hydrochloride, and 
phenobarbital, respectively. 


The HPLC method was applied to the assay of commercial tablets 
(Table 11). Again, the compendial results for ephedrine hydrochloride 
and phenobarbital were higher than those obtained by the proposed 
HPLC method. By coincidence, the theophylline content in the three 
commercial tablet samples investigated was low; the values were around 
the minimum limit of the compendial potency requirement range of 
90.0-110.0% of the label claim. Figure 2 shows a typical chromatogram 
of the assay solution from commercial tablets. 


The HPLC method is more accurate and precise and considerably less 
time consuming than the compendial method. The wide detector response 
range between theophylline and phenobarbital was due to the large dif- 
ference in concentration and posed no problems. The change in the de- 
tector attenuation during the chromatographic run did not affect the 
results. The wide variation in polarity, which necessitated the prior 
separation of ephedrine in the GLC methods (4,5), presented no prob- 
lems under the proposed experimental conditions. The method also is 
applicable to the assay of individual tablets since the procedure is based 
on the quantities of drugs present in one tablet. 
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Abstract The development of contact sensitivity to poison ivy ur- 
ushiol in guinea pigs was prevented by intravenous injection of 3-n- 
pentadecylcatechol (I) coupled to autologous blood cells. Hartley, line- 
bred, guinea pigs were treated with pentadecylcatechol-“modified” blood 
cells or sham-treated blood cells 2 weeks prior to attempted topical 
sensitization with I. Skin testing of all guinea pigs with 3-, 1-, and 0.3-pg 
doses of I applied in 5 111 of acetone to abdominal skin sites was begun 2 
weeks after attempted sensitization and repeated at  2- or 4-week intervals 
thereafter for 6 months or until study termination. Profound tolerance 
to I was observed a t  all skin testing intervals in the group receiving hap- 
tenated red cells and did not weaken substantially with time. Contact 
sensitivity to I in control animals, however, waned with time; the study 
was terminated at  6 months because of the low sensitivity level of the 
control animals at that period. Complete or partial tolerance was induced 
in -80% of the treated animals. The immune tolerance obtained by the 
single injection of pentadecylcatechol-associated red blood cells was of 
long duration and urushiol specific. This treatment also conferred tol- 
erance to three unsaturated congeners of I. The allergenic potencies of 
the pentadecylcatechols declined with increasing saturation of the alkyl 
side chain. Binding studies using tritiated pentadecylcatechol showed 
that 81% of the activity incorporated into the red cell was membrane 
associated and that 19% was cell sap associated. 


Keyphrases 0 Urushiol-production of tolerance using 3-n-penta- 
decylcatechol with autologous blood cells, guinea pigs 0 Poison ivy- 
production of tolerance to urushiol using 3-n-pentadecylcatechol with 
autologous blood cells, guinea pigs 3-n-Pentadecylcatechol-pro- 
duction of tolerance to urushiol, guinea pigs 0 Immunology-production 
of tolerance to urushiol using 3-n-pentadecylcatechol, guinea pigs 


Poison ivy (Toxicodendron radicans), poison oak (T. 
diversilobum and T. quercifolium), and poison sumac (T. 
vernix) are the main causes of contact dermatitis in the 
United States. One or more of these species is present in 


almost every state in the continental United States. These 
plants are so prevalent and insidious that -80% of the U.S. 
population is allergic to them and 50% are clinically sen- 
sitive, i.e., react to 2 pg of urushiol or less (1). 


BACKGROUND 


The dermatitogenic principles contained in the resin of these plants 
are a group of chemically related catechols, commonly referred to as ur- 
ushiols, differing mainly in the length and degree of unsaturation of the 
3-n-alk(en)yl side chain. Poison ivy urushiol was shown to be mainly 
(>95%) a mixture of 3-n-pentadec(en)ylcatecbols with zero, one, two, 
or three double bonds in the C15 side chain (2-7). Poison oak urushiol, 
however, consists mainly (>98%) of the C17 homologs (2,3,6). A small 
percentage of the C15 congeners was found in poison oak urushiol, and 
a small percentage of the c17 homologs was found in poison ivy compo- 
nents (2,3,6). The analysis and identification of poison sumac urushiol 
are incomplete. 


Contact of these catechols with the skin of susceptible individuals re- 
sults in sensitization to all urushiols of the plant family Anacardiaceae 
(8-10). Once sensitivity is developed, i t  is difficult, if not impossible, to 
eliminate. Hyposensitization by administration of plant extracts is not 
regularly obtained. I t  requires large doses and months or years to be 
produced, and sensitivity is rapidly regained upon cessation of treatment 
(10,11). The albino guinea pig is the animal of choice for studying sen- 
sitivity to these allergens (12). Tolerance to poison ivy was reported to 
he produced in guinea pigs by subcutaneous injection of pentadecylca- 
techol (I) in mineral oil or by oral administration of large doses of I prior 
to attempted sensitization (13). However, since urushiols and I itself are 
potent primary irritants and skin sensitizers, their use for producing 
tolerance in nonsensitive humans is heavily compromised. 


Recently, a series of ring-substituted derivatives of I was studied for 
potential use in the production of immune tolerance to contact sensitivity 
in guinea pigs (14,15). Some 6-substituted derivatives were reported to 
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Abstract 0 Based on the fact that some known antineoplastic agents 
possess an ester moiety within their structure, the esters of helenalin, a 
sesquiterpene lactone, and of brusatol and bruceantin, quassinoids, were 
synthesized and tested for antileukemic activity in the P-388 screen. 
These agents gave different T/C %values dependent on the P-388 lym- 
phocytic leukemia strain and the host strain of mice used. Later studies 
demonstrated that the agents caused different degrees of inhibition of 
nucleic acid and protein synthesis in the various P-388 strains. The higher 
the degree of inhibition of precursor incorporation into the nucleic acid 
or protein, the higher was the T/C % value obtained in a given P-388 
strain. The study demonstrates the lack of consistency of P-388 lym- 
phocytic leukemia cell lines used in various laboratories and indicates 


that the inbred strain of mice is a critical factor in the tolerance of drug 
toxicity and, thus, T/C % obtained. 


Keyphrases P-388 lymphwytic leukemic cells-antileukemic activity 
of helenalin, brusatol, and bruceantin and their esters 0 Antileukemic 
agents-comparison of helenalin, brusatol, and bruceantin and their 
esters Helenalin-comparison with brusatol, bruceantin, and their 
esters, antileukemic activity 0 Brusatol--comparison with helenalin and 
bruceantin and their esters, antileukemic activity 0 Bruceantin-com- 
parison with helenalin and brusatol and their esters, antileukemic ac- 
tivity 


The naturally occurring sesquikrpene ladones continue 
to provide numerous examples of structures exhibiting 
significant cytotoxic antitumor activity (1). In general, they 
have proven to be potent inhibitors of Walker 256 carci- 
nosarcoma growth in rats and Ehrlich ascites carcinoma 
growth in mice and marginal inhibitors of P-388 lympho- 
cytic leukemia in mice,@). For example, eupaformosanin 
(3), molephantinin (4), phantomolin (5), eupahyssopin (61, 


and helenalin (I) (7) all demonstrated highly significant 
inhibitory activity in the Walker 256 carcinosarcoma 
survival system with a T/C value of Z300% at the low dose 
of 2.5 mghg (T/C >14W0 required for significant activity). 
However, in the P-388 murine lymphocytic leukemia 
screen, an in uiuo test system currently used as a standard 
method by the National Cancer Institute (NCI) for eval- 
uating compounds of natural origin, these compounds 
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Table I-Antineoplastic Activity of Sesquiterpene Lactones and 
Quassinoids against P-388-UNC Lymphocytic Leukemia Cell 
Growth in BDFl Mice 


Dose, .Average Days 
mgbglday Survived of 


Compound ip TIC TIC % 


I 


I1 


111 


IV 


V 


60" .. 


15 
8 
3 


60" 
30 
15 
8 
3 
0.6 
0.3 
0.25 
0.125 
0.100 
1.0 
0.6 
0.3 
0.25 . ~. 


0.125 
0.100 
0.6 


3.019.66 
11.919.66 
15.419.66 
12.919.66 
5.819.66 


16.2/9.66 
25.219.66 
13.819.66 
13.819.66 
14.219.5 
14.319.5 
14.519.5 
15.0/9.5 _. ~ . .  ~ 


12.819.5 
20.219.5 
25.819.5 
20.419.5 
15.519.5 
11.019.5 
11.019.5 
25.2 


31 
123 
162 
134 
60 


168 
261 
143 
143 
149 
150 
153 
158 
134 
213 
272 (197) 
215 
163 
116 
i i 6  
217 


Toxic at this dose. 


failed to give T/C values higher than 147% at the maximm 
dose level of 26 mg/kg/day (1) (T/C >125% required for 
significant activity). 


BACKGROUND 


In this laboratory, previous systematic investigation of the struc- 
ture-activity relationships among the sesquiterpene lactones and related 
compounds indicated the importance of the bifunctional alkylatibg enone 
O=C-C=CH2 system and the ester moiety for enhanced cytotoxic 
antitumor activity (1). For example, the bifunctional alkylating helenalin 
(I), which contains a 8-unsubstituted cyclopentenone and an a-methy- 
lene-y-lactone, is more potent than the corresponding 2,3-dihydrohe- 
lanalin or 11,13-dihydrohelenalin (plenolin) in its in uitro cytotoxicity 
(8) and in uiuo antitumor activity (2). Cytotoxicity is also enhanced by 
introduction of a lipophilic ester side chain to helenalin and related de- 
rivatives (9). 


The importance of the ester group that contributes to the enhanced 
in uiuo antitumor activity is also seen in many other naturally occurring 
antitumor agents including the germacranolides eupaformosanin, 
molephantinin, phantomolin, and eupahyssopin as well as the quassinoid 
bruceantin (lo), the diterpene tax01 (ll), the alkaloids indicine N-oxide 
(121, homoharringtonine (13), vincristine (14), and vinblastine (141, the 
macrolide maytansine (15), and the fungal metabolites anguidin (16), 
actinomycin D (dactinomycin) (17), and mitomycin C (18). The latter 
compounds (19) possess high in uiuo antileukemic activity against the 
P-388 lymphocytic leukemia growth. 
"his evidence, coupled with the fact that polyfunctionality is a common 


structural feature in many of the described antileukemic agents, led to 
the hypothesis that a polyfunctional alkylating-type compound origi- 
nating from the Combination of bifunctional or monofunctional alkylating 
active species uia an ester linkage might be highly active as an antileu- 
kemic agent. Thus, esters of helenalin, brusatol, and bruceantin were 
synthesized and examined for their antileukemic activity against P-388 
lymphocytic leukemia cell growth. Those results are now reported uti- 
lizing two different strains of P-388 lymphocytic leukemia cells along with 
the effects of these esters on key enzymes of nucleic acid and protein 
synthesis. 


EXPERIMENTAL 


Source of Compounds-Helenalin (I) was isolated from Balduina 
angustifolia by the methods of Lee et al. (20). Treatment of Iwith mal- 
onyl dichloride in dry benzene by the general method gave rise to crys- 


The UV, IR, and NMR spectra data of 11, IV, V, VII, and VIII were in accord 
with assigned structure. 


I 


II 


OH 


0 


HO 


,CH3 
III: R = COCH = C 


'CH, 


OH 


\ 


IV: n = 1, cwcHzim\ ,CH3 


R = COCH = C. 


OH 


0 


'0 


AX, 


18' 19- CH3 


R = COCH = CHcH\ 


CH, 


talline bis(helenalinyl)malona$l [11, C~Hs010,  mp 217-218O], resulting 
in a molecule with four alkylating centers. Brusatol(II1) w& obtained 
by treating bruceoside A, a quassinoid glycoside isolated from Brucea 
jauanica, with 3 N HzSO_-rnethanol (1:l) to hydrolyze the glycosidic 
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Table 11-Antineoplastic Activity of Sesquiterpene Lactones and Quassinoids against P-388-UNC and P-388-NIH Lymphocytic 
Leukemia Cell Growth 


Compound 
Dose, 


mg/kg/day ip 
P-388-UNC, T/C % 


CDF BDFl 
P-388-NIH, T/C 90 


CDF BDFl 


I 


I1 


111 


IV 
V 


VI 


15 
8 
3 


15 
8 
3 
1.0 
0.6 
0.6 
0.6 
1.0 


123 
168 
134 


145 
143 


- 


152 (toxic) 
149 
188 
168 
168 


- 


158 


168 
- 


- 


234 
152 
197 
207 
258 


134 
154 
138 
toxic 
129 
138 
162 (toxic) 
152 
125 
133 
162 


- 
162 
152 
toxic 
145 
130 
176 
156 
135 
161 
176 


- - - 0.6 146 
VIP 1.2 - 111 


0.6 138 139 125 139 
0.3 - 109 


VIII 1.2 - 164 - 168 
0.6 132 153 144 151 
0.3 - 150 


5-Fluorouracil 12.5 162 166 186 209 


- - 


- - 


- - 


0 P-388-NIH contractors: 163 (3.0), 165 (1.5), 146 (0.75), and 128 (0.38). 


Table 111-Zn Vitro Effects (Percent of Control) of Sesquiterpene Lactones and Quassinoids on P-388-UNC and P-388-NIH 
Lymphocytic Leukemia Cell Metabolism 


~~~ ~ ~~ 


P-388-UNC P-388-NIH 
Compounds DNA RNA Protein DNA RNA Protein 


I, 20 pmoles 15 f 2" 85 f 3O 68 f 9" 10 f 5" 84 f 6" 79 f 3" 
II,20 pmoles 38 f 3" 55 f 40 50 f 4" 38 f 4" 52 f 5" 75 f lo* 


111, 10 pmoles 48 f 4" 44 f 2" 45 f 3" 47 f 4a 71 f 5" 80 f 6b 
IV, 10 pmoles 54 f 7" 52 f 5" 17 f 13" 46 f 5a 90 f 7" 65 f 5" 
V, 10 pmoles 36 f 4" 41 f 6" 26 f 4" 41 f 3" 71 f 5" 75 f 30 


VI, 10 &moles 38 f 2a 47 f 6a 58 f 3" 35 f 3Q 71 f 3" 85 f 26 
VII, 10 pmoles 45 f 8" 66 f 3" 60 f 3" 43 f 4" 67 f 4" 75 f 4" 


VIII, 10 pmoles 52 f 4" 78 f 4" 68 f 3" 52 f 5" 74 f 6" 77 f 2" 
0.05% Polysorbate 80 (control) 100 f 6 100 f 5 100 f 4 100 f 7 100 f 5 100 f 8 


- 61 f 4" 
- 62 f 4" 


Value dpm/W cells (n = 6) 36,777 38,615 76,518 39,564 45,309 79,103 


linkage (21-23). Bruceantin (VI) was also synthesized from bruceoside 
A (24-25). 


Brusatol(II1) (22-24) and bruceantin (VI) were treated similarly with 
malonyl dichloride and succinyl chloride in dry pyridine to yield, after 
purification of the reaction products by preparative TLC, the corre- 
sponding bis(brusato1yl)malonate' [IV, C55H64024-H200, mp 191-193'1, 
bis(brusatolyl)succinatel [V, C56H666024, mp 248-250°], bis(brucean- 
tiny1)malonate' [VII, C59H72024, mp 193-195'1, and bis(bruceantiny1)- 
succinatel [VIII, C60H74024, mp 250' dec.I2. 


Biological-P-388 Lymphocyttc Leukemia Antitumor Screen-The 
P-388 lymphocytic leukemia-UNC tumor line was originallv obtained 


Emetine, 50 pmoles - - 60 f 3" - 
Pyrocatechol violet, 50 pmoles - - 60 f 5" - 


a p 2 0.001. p 0.005. 


for 90 min at  37' (28). Compounds I and I1 were tested a t  a final con- 
centration of 20 pmoles, and 111-VIII were tested at  a 10-pmole concen- 
tration. 


The thymidine incorporation into DNA assays were terminated with 
0.5 N perchloric acid containing 1% pyrophosphate. Radiolabeled DNA 
was collected on glass fiber paper (GF/F) by vacuum suction. RNA and 
protein incorporation studies were terminated with trichloroacetic acid, 
and the acid-insoluble macromolecule was collected on nitrocellulose 
membrane filters. The filter papers were placed in scintillation vials and 
counted in a toluene-octoxynol scintillation fluid (29). 


. -  


from Mason Research Institute through NCI and has geen maintained 
in this laboratory in DBA/2 male donor mice for -2 years. The P-388 


RESULTS AND DISCUSSION 


lymphocytic leukemia-NIH was obtained in April 1980 from the same 
source. The eight test compounds with the standard 5-fluorouracil were 
administered to both the P-388-UNC and P-388-NIH strains as follows. 
BDFl or CDF male mice (-20 g) were administered lo6 P-388 lympho- 
cytic leukemia cells intraperitoneally on Day 0 (26). Test compounds were 
homogenized in 0.05% polysorbate 80-water and administered intra- 


Initially, the antileukemic activity was determined in the P-388-UNC 
lymphocytic leukemia screen. The T/C % value for I1 at 15 mg/kg/day 
was exceedingly high, e.g., T/C % = 261 in BDFl male mice. The quassi- 
noid esters of I11 were then examined and, as can be seen in Table I, IV 
a t  0.6 mg/kg resulted in T/C % values of 272 and 197 and V resulted in 
a T/C % value of 217 in BDFl male mice. 


peritoneally daily. 
K B  Tissue Cytotonic Assay-KB (human epidermoid carcinoma of 


the mouth) cells were maintained in minimum essential medium and 10% 
fetal calf serum containing the antibiotics penicillin and streptomycin 
(26). The method of Huang et al. (27) was utilized for the cytotoxic assay 
in microtest tissue culture plates. 


P-388 Lymphocytic Leukemia Cell Metabolism-BDF1 male mice 
(-22 g) were innoculated with lo6 P-388 tumor cells as previously de- 
scribed. On day 9, the cells were collected from the peritoneal cavity. In 
uitro incorporation studies were conducted using l@ P-388-UNC or 
P-388-NIH cells, minimum essential medium, and 1 pCi of thymidine 
(6-3H, 21.8 Ci/mmole), uridine (6-3H, 22.4 Ci/mmole), or L-leucine 
[4,5-3H(N) 56.5 Ci/mmole] in a total volume of 1 ml, which was incubated 


Compounds I-V followed a dose-response curve against P-388-UNC 
lymphocytic leukemia growth in BDFL mice. The EDw for helenalin (I) 
in the KB cytotoxic assay was 0.188 compared to the literature value (28) 
of 0.19 pglml. Bis(helenaliny1)malonate (11) afforded an ED50 of 0.08 
pg/ml. The ED50 values for the quassinoids were also impressive, with 
111, IV, VI, and VIII equal to 0.31,0.025,0.056, and 0.275 pg/ml, respec- 
tively. 


In an attempt to confirm these unexpected high results, 11, IV, and V 
were submitted to NCI for retesting and evaluation. The two contract 
screening agencies used by NCI were unable to obtain results >12 mg/kg 
in CDF mice for I and 11; but a t  3 and 0.39 mg/kg, T/C % values of 1303 
and 1204, respectively, were obtained. Compound IV was also submitted 
to the same two contract screeners3, whose studies resulted in T/C % 


* Unpublished results. Southern Research. 
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values of 131, 135, and 131 at  3,1.5, and 0.75 mg/kg, respectively. The 
second contract screener4 found 11,111, and IV totally inactive in their 
P-388 lymphocytic leukemia screen in CDF mice. 


Since these results were somewhat baffling, a new sample of P-388 
lymphocytic leukemia cells, noted as P-388-NIH, was obtained5. The 
compounds were retested against P-388-UNC and P-388-NIH leukemia 
growth in CDF and BDFl male mice with dosing from Days 1 to 9. These 
results are shown in Table I1 along with the data for two new compounds, 
i.e., the malonate (VII) and succinate (VIII) ester of bruceantin. Bru- 
ceantin (VI) is a quassinoid in Phase I1 clinical trial. These data confirmed 
previous observation by this laboratory in BDFl male mice using the 
P-388-UNC strain, whereas data for P-388-NIH in CDF mice were 
comparable with the contractor’s results. However, a difference could 
be observed between BDFl and CDF donor mice and the resulting T/C 
%values. Apparently, the BDFl male mice were able to tolerate the higher 
doses of 1-111 and VI, thus affording higher TIC % values than when ad- 
ministered to CDF mice. In fact, in a previous report (29) on DBA/2 male 
mice, testing above 0.5 mg/kg with 111 in the P-388 screen resulted in 
deaths. The inbred hybrid strain of mice may be a critical factor since 
mice used for the study in Table I were bred in this laboratory (C57B1/6 
female X DBA/2j male), whereas those used in Table I1 were obtained 
commerciallf. When VII was tested3 at  3,1.5,0.75, and 0.38 mg/kg, T/C 
%values of 163,165,146, and 128, respectively, were obtained, which were 
within the scope of data presented in Table 11. 


The two sets of conflicting data pose the question of whether P-388- 
UNC is a different strain of P-388 lymphocytic leukemia cells resulting 
from some alteration or mutation. Thus, since the sesquiterpene lactones 
and quassinoids were known to affect nucleic acid and protein synthesis 
in tumor cells, these parameters were examined in the P-388-UNC and 
P-388-NIH strains of cells from BDFl mice. 


Table I11 indicates that in uitro DNA synthesis was affected ap- 
proximately the same degree by I and I1 in the two strains of P-388 cells. 
RNA synthesis was inhibited by I and 11 equally in the P-388-UNC and 
P-388-NIH cells. Protein synthesis, however, was inhibited at a much 
higher rate in the P-388-UNC strain than the P-388-NIH strain (e.g., 
compare I1 at 50 and 25% inhibition, respectively). Examination of 11-VIII 
showed that the degree of inhibition of DNA synthesis was of the same 
magnitude in both strains of P-388 cells for a given compound. The RNA 
synthesis inhibition by 111-VI was much higher in the P-388-UNC strain 
compared to the P-388-NIH strain, resulting in -24-38% higher inhibi- 
tion of RNA synthesis, with IV demonstrating the largest difference (i.e., 
48% in the P-388-UNC strain and 10% in the P-388-NIH strain). 


Protein synthesis inhibition was also decidedly different between the 
two different strains for 111-VI. Compound I11 afforded a 20% inhibition 
in the P-388-NIH and a 55% inhibition in the P-388-UNC strain. Com- 
pound IV demonstrated a difference of 35% compared to 83% inhibition, 
V showed a difference of 25% compared to 721, and VI showed a differ- 
ence of 15% compared to 42% in the respective strains. Compounds VI 
and VIII demonstrated approximately the same T/C % values in the two 
strains of P-388 cells, and the effects of the two compounds on RNA and 
protein synthesis was comparable in the two strains of cells. The standard 
emetine and pyrocatechol violet a t  5 pmoles demonstrated the same 
degrees of protein inhibition in the two strains of P-388 cells. 


These studies indicate that the P-388-UNC and P-388-NIH strains 
of P-388 lymphocytic leukemia cells are different in their metabolic re- 
sponse to certain chemical agents and the difference may be responsible 
for diverse values obtained in the antineoplastic screen. The P-388-UNC 
strain appears to be particularly sensitive to sesquiterpene lactone and 
quassinoid-type structure but less sensitive to 5-fluorouracil. Further- 
more, the strain of mice used may be critical for the T/C % values ob- 
tained, depending on the tolerance of the mice to the particular toxic 
effects of the chemical agent. 
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0.4 t 


DAYS AT 30” 
Figure 3-Discoloration of 0.5% neomycin solutions with (a) and 
without (A) edetate disodium during storage at  30°. 


solutions with and without I. Thereafter, the rate was slightly greater in 
the solution containing I (data not shown). 


The fall in neomycin concentration and the associated discoloration 
of the solutions during storage at 30’ are shown in Figs. 2 and 3. The data 
illustrated are for 10 ml of solution in amber ophthalmic dropper bottles. 
Solutions stored in ampuls at 30’ gave qualitatively similar results, but 
the extent of degradation was somewhat less, due possibly to the smaller 
proportion of air to liquid in the ampuls. During prolonged storage, I1 
was more stable in the absence rather than the presence of I. This pattern 
was reflected in the discoloration of‘ the solutions. 


Ethylenediaminetetraacetic acid or its disodium salt were observed 
previously to increase the degradation rate of epinephrine ( l l ) ,  physo- 
stigmine (12), and isoproterenol (13), which, like neomycin, all possess 
basic nitrogen groups in the molecule. With epinephrine (11) and iso- 
proterenol (13), the diminished stability occurred at  37 and 60°, re- 
spectively, when ethylenediaminetetraacetic acid was present together 
with ferric ions at neutral pH values, although the mechanisms respon- 
sible for this effect have not been explained adequately. In the experi- 
mental system used in the present study, iron was not present other than 
as a contaminant of other chemicals or if it leached from glass. Further- 
more, the same qualitative effects of edetate disodium inclusion were 


observed regardless of the neomycin batch, buffer concentration, color 
of the glass container, and presence or absence of phenylmercuric nitrate 
as a preservative. 


The reported results show that inclusion of edetate disodium in neo- 
mycin ophthalmic formulations is likely to reduce the stability of the 
antibiotic during long-term storage at room temperatures. This effect 
is particularly important if the antibiotic solution is sterilized by filtration 
because the data indicate that the destabilization is operative even during 
the early storage period and that the initial protective effect observed 
at  high temperatures is eliminated. 
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Abstract 0 Magnesium salicylate tetrahydrate is a nonhygroscopic, 
crystalline powder, whereas anhydrous magnesium salicylate is amor- 
phous and very hygroscopic. Magnesium salicylate tetrahydrate tablets 
formulated with gelatin as a binder showed a dissolution half-life (tllz) 
of 12 min, whereas a formulation using pregelatinized starch as a binder 
showed a t 112 of 33 min. The optimum level of calcium stearate in the 
formulation was determined by the oscilloscope tracings of compressional 
and ejectional forces from an instrumented rotary tableting machine. 
Increasing the level of calcium stearate from 1 to 1.5 and 2% resulted in 
dissolution t 1 /2  values of 12, 18, and 21 min, respectively, and a higher 
incidence of softer tablets and capping. 


Keyphrases Magnesium salicylate-physicochemical properties, 
tableted tetrahydrate and anhydrous forms, effect of calcium stearate 
on dissolution rate Calcium stearate-effect on dissolution rate of 
tableted magnesium salicylate Dissolution-effect of calcium stearate 
on magnesium salicylate tablets Analgesics-magnesium salicylate 
tablets, effect of calcium stearate on dissolution 


Magnesium salicylate is a white powder with analgesic, 
antipyretic, and anti-inflammatory properties similar to 
those of aspirin (1). Although magnesium salicylate or 


combinations of magnesium salicylate with other analge- 
sics have been widely used in various diseases, the physi- 
cochemical properties of magnesium salicylate are not well 
characterized. This study characterized the physico- 
chemical properties of magnesium salicylate and deter- 
mined the effect of several excipients on the dissolution 
rate from tablet formulations. 


EXPERIMENTAL 


Materials-Magnesium salicylate tetrahydrate, anhydrous magne- 
sium salicylate, lactose monohydrate, gelatin, pregelatinized starch, 
FD&C Red No. 3 aluminum lake, and calcium stearate were used for 
tablet preparations. 


Thermogravimetric Analysis-Profiles of the tetrahydrate and 
anhydrous forms were obtained under nitrogen with a heating rate of 
20°/min. 


X-Ray Diffraction-Profiles of the tetrahydrate and anhydrous 
forms were determined using nickel-filtered radiation with a copper 
target, a range of 500, and time constant 5. 


Equilibrium Moisture Content-Sulfuric acid-distilled water ad- 
mixtures were prepared for the relative humidity chambers; 20,40,60, 
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and 80% relative humidities (RH) were obtained (2). The tetrahydrate 
and anhydrous forms were dried at 105’/4 hr/76 cm vac-vented, weighed 
into aluminum dishes, and placed in the humidity chambers at ambient 
room temperature. The dishes were weighed after 1,2, and 3 weeks. 


Tablet Preparation-Formulation A was prepared by granulating 
magnesium salicylate tetrahydrate, lactose, and colorant with 41% 
aqueous gelatin solution. Formulation B was prepared by adding water 
to the powder mix of magnesium salicylate tetrahydrate, lactose, prege- 
latinized starch, and colorant. The granulations were dried, sized in a 
hammermill, lubricated with calcium stearate, and compressed to a 1.83 
X 0.74-cm capsule-shaped tablet on an instrumented rotary machine. 


Dissolution-Tablet dissolution was determined by placing one tablet 
in the rotating-basket apparatus immersed in 900 ml of distilled water 
(3). The basket was rotated at 100 rpm. A t  10,20,30,60, and 120 min, a 
I-ml sample was withdrawn, filtered through a 0.45-pm membrane filter, 
and diluted to 10 ml with distilled water; an aliquot was taken for UV 
absorbance at 296 nm. The amount dissolved was determined, and the 
cummulative percentage dissolved was calculated based on assayed 
values. Six individual tablets were run for each product. A NONLIN 
program (4) was used to calculate the apparent dissolution rate ( k d ) .  The 
dissolution half-life (t 112) was determined by: 


0.693 
tll2 = - 


k d  
(Eq. 1) 


RESULTS AND DISCUSSION 


Magnesium salicylate tetrahydrate did not gain any moisture as re- 
flected by the weights after 1,2, and 3 weeks of storage of samples at 20, 
40,60, and 80% RH. Although the moisture gain for the 40% RH sample 
was higher, it was not significant. Anhydrous magnesium salicylate gained 
1.7, 5.1, 12.2, and 21.5% of its weight, respectively, in these humidity 


Table I-Moisture Uptake (Percent) by Magnesium Salicylate 
Tetrahydrate and Anhydrous Magnesium Salicylate a t  Various 
Relative Humidity Storage 


Relative Humidity 
Product Weeks 20% 40% 60% 80% 


Magnesium 1 0.05 0.03 0.08 0.06 
salicylate 2 0.07 0.40 0.05 0.03 
tetrahydrate 3 0.06 0.90 0.60 0.04 


Anhydrous 1 1.70 4.70 11.50 21.50 
magnesium 2 1.70 4.80 11.90 21.80 
salicylate 3 1.70 5.10 12.20 21.50 


Table 11-Dissolution Profile * of Magnesium Salicylate 
Tetrahydrate Tablets 


Formulation k d  f SD, min-’ tl/z f SD, min 


A, 1% calcium stearate 0.057 f 0.012 12 f 2.4 
A, 1.5% calcium stearate 0.038 f 0.007 18 f 3.2 
A, 2% calcium stearate 0.033 f 0.007 21 f 3.7 
B, 1% calcium stearate 0.021 f 0.003 33 f 8.8 


a USP apparatus, 100 rpm in distilled water, mean f SD of six tablets. 


chambers (Table I). Moisture equilibration was reached within 1 week 
of exposure in each chamber. 


The thermogravimetric profile of magnesium salicylate tetrahydrate 
(I) showed a 20% weight loss between 75 and 200’ (11) and a 35% weight 
loss between 200 and 350’ (III), followed by a plateau region between 350 
and 475’. Based on molecular weights and weight losses, the postulated 
products are as shown in Structures 1-111. 


X-ray diffraction results showed magnesium salicylate tetrahydrate 
to be crystalline, whereas anhydrous magnesium salicylate was amor- 
phous. Based on these results, magnesium salicylate tetrahydrate was 
selected for tablet formulation. 


Tablet dissolution data are shown in Table 11. Although Formulations 
A and B were compressed to the same size, weight, thickness, and hard- 
ness, with equivalent compressional forces, the dissolution rates were 
different by as much as threefold. The t1/2 values for Formulations A and 
B were 12 and 33 min, respectively. In both cases, the tablets did not 
disintegrate, and magnesium salicylate dissolved directly from the tablet 
matrix. It is postulated that the gelling properties of starch decreased 
the dissolution rate, whereas gelatin made the drug particles more hy- 
drophilic; thus, the dissolution rate was increased (5). 


The optimum calcium stearate level for Formulation A was determined 
by monitoring the oscilloscope tracings of compressional and ejectional 
forces during tableting (6). At  1% calcium stearate, tableting proceeded 
smoothly at the rate of 1500-1700 tableta/min, which was the maximum 
speed for the tablet machine. However, as the concentration of calcium 
stearate was increased to 1.5 and 2%, the resulting tablets became softer 
and showed a higher incidence of capping. Since calcium stearate is a 
hydrophobic lubricant, the t 112 value was affected adversely with the 
higher concentrations of lubricant. The dissolution tl/z values from 
Formulation A tablets containing I, 1.5, and 2% calcium stearate were 
12, 18, and 21 min, respectively. 
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0.7%, and 108.6 f 2.2% for theophylline, ephedrine hydrochloride, and 
phenobarbital, respectively. 


The HPLC method was applied to the assay of commercial tablets 
(Table 11). Again, the compendial results for ephedrine hydrochloride 
and phenobarbital were higher than those obtained by the proposed 
HPLC method. By coincidence, the theophylline content in the three 
commercial tablet samples investigated was low; the values were around 
the minimum limit of the compendial potency requirement range of 
90.0-110.0% of the label claim. Figure 2 shows a typical chromatogram 
of the assay solution from commercial tablets. 


The HPLC method is more accurate and precise and considerably less 
time consuming than the compendial method. The wide detector response 
range between theophylline and phenobarbital was due to the large dif- 
ference in concentration and posed no problems. The change in the de- 
tector attenuation during the chromatographic run did not affect the 
results. The wide variation in polarity, which necessitated the prior 
separation of ephedrine in the GLC methods (4,5), presented no prob- 
lems under the proposed experimental conditions. The method also is 
applicable to the assay of individual tablets since the procedure is based 
on the quantities of drugs present in one tablet. 
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Abstract The development of contact sensitivity to poison ivy ur- 
ushiol in guinea pigs was prevented by intravenous injection of 3-n- 
pentadecylcatechol (I) coupled to autologous blood cells. Hartley, line- 
bred, guinea pigs were treated with pentadecylcatechol-“modified” blood 
cells or sham-treated blood cells 2 weeks prior to attempted topical 
sensitization with I. Skin testing of all guinea pigs with 3-, 1-, and 0.3-pg 
doses of I applied in 5 111 of acetone to abdominal skin sites was begun 2 
weeks after attempted sensitization and repeated at  2- or 4-week intervals 
thereafter for 6 months or until study termination. Profound tolerance 
to I was observed a t  all skin testing intervals in the group receiving hap- 
tenated red cells and did not weaken substantially with time. Contact 
sensitivity to I in control animals, however, waned with time; the study 
was terminated at  6 months because of the low sensitivity level of the 
control animals at that period. Complete or partial tolerance was induced 
in -80% of the treated animals. The immune tolerance obtained by the 
single injection of pentadecylcatechol-associated red blood cells was of 
long duration and urushiol specific. This treatment also conferred tol- 
erance to three unsaturated congeners of I. The allergenic potencies of 
the pentadecylcatechols declined with increasing saturation of the alkyl 
side chain. Binding studies using tritiated pentadecylcatechol showed 
that 81% of the activity incorporated into the red cell was membrane 
associated and that 19% was cell sap associated. 


Keyphrases 0 Urushiol-production of tolerance using 3-n-penta- 
decylcatechol with autologous blood cells, guinea pigs 0 Poison ivy- 
production of tolerance to urushiol using 3-n-pentadecylcatechol with 
autologous blood cells, guinea pigs 3-n-Pentadecylcatechol-pro- 
duction of tolerance to urushiol, guinea pigs 0 Immunology-production 
of tolerance to urushiol using 3-n-pentadecylcatechol, guinea pigs 


Poison ivy (Toxicodendron radicans), poison oak (T. 
diversilobum and T. quercifolium), and poison sumac (T. 
vernix) are the main causes of contact dermatitis in the 
United States. One or more of these species is present in 


almost every state in the continental United States. These 
plants are so prevalent and insidious that -80% of the U.S. 
population is allergic to them and 50% are clinically sen- 
sitive, i.e., react to 2 pg of urushiol or less (1). 


BACKGROUND 


The dermatitogenic principles contained in the resin of these plants 
are a group of chemically related catechols, commonly referred to as ur- 
ushiols, differing mainly in the length and degree of unsaturation of the 
3-n-alk(en)yl side chain. Poison ivy urushiol was shown to be mainly 
(>95%) a mixture of 3-n-pentadec(en)ylcatecbols with zero, one, two, 
or three double bonds in the C15 side chain (2-7). Poison oak urushiol, 
however, consists mainly (>98%) of the C17 homologs (2,3,6). A small 
percentage of the C15 congeners was found in poison oak urushiol, and 
a small percentage of the c17 homologs was found in poison ivy compo- 
nents (2,3,6). The analysis and identification of poison sumac urushiol 
are incomplete. 


Contact of these catechols with the skin of susceptible individuals re- 
sults in sensitization to all urushiols of the plant family Anacardiaceae 
(8-10). Once sensitivity is developed, i t  is difficult, if not impossible, to 
eliminate. Hyposensitization by administration of plant extracts is not 
regularly obtained. I t  requires large doses and months or years to be 
produced, and sensitivity is rapidly regained upon cessation of treatment 
(10,11). The albino guinea pig is the animal of choice for studying sen- 
sitivity to these allergens (12). Tolerance to poison ivy was reported to 
he produced in guinea pigs by subcutaneous injection of pentadecylca- 
techol (I) in mineral oil or by oral administration of large doses of I prior 
to attempted sensitization (13). However, since urushiols and I itself are 
potent primary irritants and skin sensitizers, their use for producing 
tolerance in nonsensitive humans is heavily compromised. 


Recently, a series of ring-substituted derivatives of I was studied for 
potential use in the production of immune tolerance to contact sensitivity 
in guinea pigs (14,15). Some 6-substituted derivatives were reported to 
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Table I-Evaluation of Skin Test Responses Using Draize 
Scoring System a 


Table 11-Method for  Calculation of Degree of Delayed-Type 
Hypersensitivity 


Response Value 


No erythema 0 
Erythema and eschar formation 


Very slight erythema (barely perceptible) 
Well-defined erythema 2 
Moderate to severe erythema 3 
Severe erythema (beet redness) t o  slight eschar 4 


No edema 0 
Very slight edema (barely perceptible) 1 
Slight edema (edges of area well defined by 2 


Moderate edema (area raised -1 mm) 3 
Severe edema (raised -1 mm and extending 4 


1 


formation (injury in depth) 


definite raising) 


beyond area of exposure) 


n Maximum summed erythema and edema scores = 8. 


produce tolerance to I and to have low sensitizing and skin irritation 
potential (14). 


Recent studies showed that sensitization to contact sensitizers by the 
cutaneous route requires presentation of the contact allergen to the im- 
mune system by Langerhans cells present in the skin (16). When initial 
exposure is oral or parenteral by routes other than topical, immune tol- 
erance to the sensitizer usually develops (14, 17, 18). 


The discovery that intravenous injection of some skin sensitizers or 
closely related chemicals would prevent subsequent sensitization to the 
sensitizer suggested that the resulting tolerance may be mediated by 
coupling of the hapten with some blood components (19). Subsequent 
studies showed that membrane-coupled antigen (haptenated spleen, red, 
lymph node, thymic, or peritoneal exudate cells) is the tolerogenic form 
(20,211. 


The present report describes the induction of tolerance to poison ivy 
urushiol by intravenous injection of pentadecylcatechol-associated au- 
tologous red blood cells 2 weeks prior to attempted contact sensitization 
with I. Tolerance eo the mono-, di-, and triolefinic congeners of I also was 
produced by this treatment. Tolerance induced by pentadecylcatechol- 
associated red cells was specific for poison ivy urushiol and not due to a 
general lack of immunocompetence of the tolerized animals. Radioiso- 
topic studies using tritiated pentadecylcatechol as tracer showed that 
the majority of cell-bound pentadecylcatechol(81%) was associated with 
the red cell membrane and that the remainder was associated with the 
soluble cell sap. 


EXPERIMENTAL 


Animals-Female, Camm-Hartleyl, line-bred guinea pigs, 450-500 
g, were used. Guinea pig food2 and water supplemented with ascorbic acid 
were provided ad tibiturn. 


Preparation of Pentadecylcatechol-Poison ivy urushiol purified 
as in a previous study (3) was reduced by catalytic hydrogenation, and 
the resulting pentadecylcatechol was purified by passage over a dry silica 
gel 60 (2) column with chloroform as the eluting solvent. Fractions were 
collected and tested for I using 1% alcoholic ferric chloride. Fractions 
containing I were combined, and the solvent was evaporated. The re- 
sulting residue was chromatographed on a MN-polyamide SC 63 column 
(particle size <0.07 mm) with 90% ethanol-water as the eluting solvent. 
Fractions containing I were combined. The solvent was evaporated, and 
the residue was crystallized from hexane to give colorless needle crystals 
of I, mp 58-59'. The identity of I was determined by GLC and GC-mass 
spectrometry. 


Preparation of Poison Ivy Urushiol Congeners-The mono-, di-, 
and triolefinic components of poison ivy urushiol were isolated from 
purified poison ivy extract by converting the urushiol to its acetate de- 
rivative with acetic anhydride and pyridine. Urushiol acetate was passed 
over a silica gel G column impregnated with 5% AgN03, using 1% meth- 
anol in chloroform as the solvent system. The polarity of the eluting 
solvent was increased gradually to 4% methanol in chloroform; fractions 
containing the mono-, di-, or triolefinic congener acetates were pooled 
based on their TLC similarities in silver nitrate-impregnated silica gel 
plates. Each olefinic acetate was converted to the corresponding aller- 


Camm Institute, Wayne, N.J. 
Ralston-Purina, St. Louis, Mo. 
Brinkmann Instruments, Westbury, N.Y. 


Erythema and Edema Scores 
24 hr 48 hr 72 hr 


Erv- Erv-  Erv- 
-i .. 


Animal thema Edema thema Edema thema Edema 


Group A 
2 0  01 0 0 


02 1 0 3 2  3 1  
0 0  03 0 0 


04 2 2 4 4  4 3  
Average (number of 1.0 0.6 3 2.3 3 1.3 


responders = 3) 


edema sum 


2 1  


0 0  


Erythema and 1.6 5.3 4.3 


Degree of delayed-type hypersensitivity = 4.4 


genically active congener by hydrolysis with sodium carbonate in diox- 
ane-water solution (41). The reaction mixture was neutralized, and the 
free catechols were ether extracted. The identity and purity of the olefinic 
congeners were determined by GLC and GC-mass spectral analysis of 
the trimethylsilyl derivatives (22). 


Tritiated Pentadecylcatechol-Fifty milligrams of I containing 50 
pg of the triolefinic congener, 3-n-pentadeca-8,11,14-trienylcatechol, was 
tritium reduced4. The specific activity was 10.6 mCi/mg. 


Pentadecylcatechol Solutions-Solutions used for red cell modifi- 
cation consisted of 2 mg of I/ml of propylene glycol. Sensitizing solutions 
of I were prepared in acetone at a concentration of 1 mg/0.15 ml. All skin 
test solutions were prepared in acetone to contain 3,1, or 0.3 pg of I/5 p1, 
except for the olefinic congeners which were prepared in acetone at 3 pg/5 
pl. All solutions were analyzed for purity prior to use. 


Preparation and Injection of Pentadecylcatechol-"Modified" and 
Sham-Treated Red Blood Cells-Guinea pigs were anesthetized with 
ether, and a 3-ml blood sample was withdrawn from each animal by 
cardiac puncture into heparinized syringes. T o  remove serum proteins, 
the blood cells were washed three successive times with 10-ml volumes 
of normal saline followed by 600Xg centrifugation. The washed, packed 
red cells were resuspended in 40 ml of normal saline. Propylene glycol 
(0.5 ml) was added to the control cell suspensions, and 1 mg of I in 0.5 ml 
of propylene glycol was added to the I-treated cell suspensions. 


The cell suspensions were mixed by inversion and incubated 1 hr a t  
37". Cells were removed from suspension by centrifugation and washed 
three times with normal saline toremove unbound I. After washing, the 
hapten-modified or sham-treated red cells were resuspended to 3 ml with 
saline and injected into the marginal ear.vein of the animal of cell origin. 
Guinea pigs were anesthetized intramuscularly with 50 mg of keta- 
mine5/kg and 0.5 mg of chlorpromazine6/kg prior to injection. 


Sensitization-Sensitization of all animals to I was attempted 2 weeks 
after haptenated or sham-treated red cell injection by topical application 
of 1 mg of I to the dorsal neck skin of -5 cm2. Animals were sensitized 
to dinitrochl~robenzene~ by applying 2 pl of a 50% acetone solution of 
dinitrochlorobenzene to  the dorsal surface of the left ear. 


Skin Testing-Hair was removed from the abdominal skin with small 
animal clippersE. Test sites, -1.5 X 1.5 cm, were delineated with a felt-tip 
peng, and 5 pl of a test solution or vehicle was dropped from a syringelo 
onto the skin within the sites. Sites not visibly healed from previous 
testing were not used for retesting. The test sites were observed and 
scored for presence and intensity of erythema and edema at 24,48, and 
72 hr after testing, using the scoring system of Draize et al. (23) (Table 
I). T o  compare the intensity of the inflammation of the responding sites 
of treated and control animals, the degree of delayed-type hypersensi- 
tivity for each group to the individual test doses was calculated. The er- 
ythema scores of the responding animals in each group were summed and 
divided by the number of animals in the group responding at 24,48, and 
72 hr. The edema scores of each group were averaged similarly. The av- 
eraged erythema and edema scores were added to obtain a 24-, 48-, and 
72-hr value. The final degree of delayed-type hypersensitivity for each 
group was obtained by averaging the 24-, 48-, and 72-hr summed values 
as in Table 11. The score of 8 is the maximal degree of delayed-type hy- 


New England Nuclear, Boston, Mass. 
Ketaset, Bristol Myers Co., Syracuse, N.Y. 
Thorazine, Smith Kline & French Laboratories, Philadelphia, Pa. 
Aldrich, Milwaukee, Wis. 
Angra clippers, John Oster Manufacturing Co., Milwaukee. Wis. 
Markette, Crestwood, Wilkes-Barre, Pa. 


lo Hamilton. 


786 / Journal of Pharmaceutical Sciences 
Vol. 70, No. 7, July 1981 







persensitivity attainable. To skin test for dinitrochlorobenzene sensi- 
tivity, a drop of 0.5% dinitrochlorobenzene in olive oil was inuncted into 
the flank with a glass rod; the sites were observed for presence of erythema 
at  24 hr after testing. 


Data Analysis-Differences in the number of experimental and 
control animals presenting erythema responses to pentadecylcatechol 
were analyzed using xz statistics. The data for each test period were ar- 
ranged in a 2 X 2, treatment by response, contingency table. A null hy- 
pothesis of equal proportionality was tested using one degree of 
freedom. 


RESULTS AND DISCUSSION 


Red blood cells were either pentadecylcatechol modified or sham 
treated in uitro as described and injected intravenously into the guinea 
pig of cell origin 2 weeks prior to attempted sensitization with I. Groups 
of animals given haptenated or sham-treated red cells received identical 
treatment throughout the study. Pentadecylcatechol-modified red 
cell-induced tolerance was duplicated in five separate experiments, using 
a total of 55 treated and 40 control animals, with similar results. Data 
from two of these experiments were selected for this paper. 


Induction of Tolerance to I with Pentadecylcatechol-Modified 
Red Cells-Twenty-four naive guinea pigs were injected with autologous 
pentadecylcatechol-modified red cells, and a similar control group was 
given autologous sham-treated red cells intravenously. Sensitization of 
both groups to I was attempted 2 weeks after treatment. A third group 
of 10 guinea pigs (negative controls) was not pretreated or sensitized. Two 
weeks after attempted sensitization and at  2- or 4-week intervals there- 
after until the conclusion of the study, all animals were skin tested si- 
multaneously with 3,1, and 0.3 pg of I and with acetone. Test sites not 
visibly healed were not used. Since no erythema or edema was observed 
on any acetone test site, the vehicle control data were omitted. 


To represent the skin test responses of each group concisely, the per- 
centage of the animals in each group presenting erythema on one or more 
of the three observation periods (24,48, and 72 hr) to the three test doses 
is shown in Table 111. Injection of hapten-red cell conjugates 2 weeks prior 
to attempted sensitization to I produced a high level of tolerance to skin 
test doses of I that persisted for 20 weeks. The frequency of reactivity of 
the control group to the 3 pg of I ranged from 70 to 100% throughout the 
study, while the percentage responding in the haptenated red cell-treated 
group ranged from 21 to 33%. The reactivity of the control group to 1 pg 
of I ranged from 63 to 83%, whereas 0-17% of the group treated with 
haptenated red cells were sensitive to this test dose. None of the treated 
animals ever reacted to 0.3 pg of I a t  any time during the study, while the 
sensitivity of the control group to this dose ranged from 4 to 46%. Tol- 
erance to I did not appear to wane with time but was partially broken by 
the second attempt at sensitization after the 20th week. However, the 
sensitivity of the controls tended to decrease slowly after the 8-week test 
period and was not strengthened by the second sensitizing dose. 


The sensitivity of the pentadecylcatechol-modified red cell-treated 
animals ranged from complete tolerance to moderate sensitivity, whereas 
the control group responses were moderate to extreme. The tolerance of 
seven of the treated animals was complete in that they never responded 
to any test dose of I during the entire study. Six of the treated animals 
responded only once during the study, and these responses were +1 
erythema to 3 pg of I. Four treated animals responded on two skin test 
periods to 3 pg of I; these responses were mainly t 1  erythema, but an 
occasional t 2 erythema was observed. Two additional treated animals 
responded to 3 pg of I on four or five of the nine test periods; most of these 
responses were t 2  erythema with rarely a +1 edema. The remaining five 
treated animals (20%) were not perceivably tolerant and responded to 
3 pg of I on nearly every occasion. These animals also responded occa- 
sionally to 1 pg of I. 


Overall, the data indicate that 80% of the treated group was tolerant 
to I from the 20 weeks following attempted sensitization to I. Testing of 
10 naive guinea pigs with the three test solutions resulted in primary ir- 
ritancy responses in two out of the 10 animals to 3 pg of I. Since this dose 
was found by others to be irritating in -50% of naive animals tested, the 
occasional responses to this dose in the treated animals may represent 
false positive responses. Only two animals in the control group failed to 
respond to doses of <3 pg. 


To compare the differences in sensitivity of the treated and control 
animals, the degree of delayed-type hypersensitivity for each group was 
calculated (Table IV). The sensitivity of the responding animals in the 
control group gradually declined after the 6-week test and was not in- 
creased by a second sensitizing dose at Week 20. The sensitivity of the 
responding animals in the treated group, on the other hand, gradually 


Table 111-Occurrence of Erythema to 3-, 1-, and 0.3-pg Test 
Doses of Pentadecylcatechol in Pentadecylcatechol-Modified 
Red Cell-Treated and Sham-Treated Guinea Pigs 


Treatment 


~ ~ _ _ _ _ _ _ _ _ _  


Percent of Group with 
Definite Erythema 


Response to Test Doses of 
Pentadecylcatechol 


Weeks" 3 p g  l p g  0.3pg 


Hapten-modified red cell 2 33 0 0 
Control 2 96 63 38 
Hapten-modified red cell 4 33 0 0 
Control 4 100 79 38 
Hapten-modified red cell 6 21 4 0 
Control 6 92 71 29 
Hapten-modified red cell 8 21 8 0 
Control 8 92 71 17 
Hapten-modified red cell 10 29 8 0 
Control 10 88 67 33 
Hapten-modified red cell 14 33 17 4 
Control 14 92 71 46 
Hapten-modified red cell 16 26 13 0 
Control 16 88 83 42 
Hapten-modified red cell 20 26 9 0 
Control 20 70 43 4 
Hapten-modified red cell 24 52 22 0 
Control 24 95 43 10 


a Weeks after attempted sensitization to pentadecylcatechol. A second sensi- 
tizing dose of pentadecylcatechol was given to both groups after the 20-week test 
period. 


increased until the 14th week, and a second attempt a t  sensitization did 
not increase their sensitivity. 


Statistical analysis of the data showed that a t  the 3-pg test level, sig- 
nificant differences existed between the treated and control groups 


Table IV-Average Degree of Delayed-Type Hypersensitivity to 
Pentadecylcatechol-Modified or Sham-Treated Red Cells 
2 Weeks prior to Attempted Sensitization to Pentadecylcatechol 


Average Degree of Delayed-Type 
Hypersensitivity 


to Test Doses of Pentadecylcatechol 
Treatment Weeks" 3pg 1 M 0.3 pg 


Hapten-modified 


Control 
Hapten-modified 


Control 
Hapten-modified 


Control 
Hapten-modified 


Control 
Hapten-modified 


Control 
Hapten-modified 


Control 
Hapten-modified 


Control 
Hapten-modified 


Control 
Hapten-modified 


red cell 


red cell 


red cell 


red cell 


red cell 


red cell 


red cell 


red cell 


red cell 


2 


2 
4 


4 
6 


6 
8 


8 
10 


10 
14 


14 
16 


16 
20 = 


20c 
24 


24 


0.8 (8/24) 


3.4 (23/24) 
0.9 (8/24) 


3.5 (24/24) 
1.1 (5/24) 


3.8 (22/24) 
1.6 (5/24) 


2.8 (22/24) 
1.4 (7/24) 


2.2 (21/24) 
1.7 (8/24) 


2.5 (22/24) 
1.7 (6/23) 


1.7 (21/24) 
1.3 (6/23) 


2.1 (16/23) 
1.4 (12/23) 


0.0 (0/24) 


2.0 ( 15/24) 
0.0 (0/24) 


2.1 (19/24) 
0.3 (1/24) 


2.1 (17/24) 
0.5 (2/24) 


1.8 (17/24) 
0.5 (2/24) 


1.5 (16/24) 
1.1 (4/24) 


1.2 (17/24) 
1.0 (3/23) 


1.3 (20/24) 
1.2 (2/23) 


0.8 (10/23) 
1.3 (5/23) 


0.0 (0/24) 


0.8 (9/24) 
0.0 (0/24) 


0.8 (9/24) 
0.0 (0/24) 


0.3 (7/24) 
0.0 (0/24) 


0.9 (4/24) 
0.0 (0/24) 


0.7 (8/24) 
0.0 (0/24) 


0.8 (11/24) 
0.0 (0/23) 


0.6 (10/24) 
0.0 (0/23) 


0.7 (1/23) 
0.0 (0/23) 


Control 1.7 (20/21) 0.6 (9/21) 0.7 (2/21) 


a Weeks after attempted sensitization to pentadecylcatechol. Number of re- 
soonders oer number tested in Darentheses. A second sensitizing dose was a d i e d  
a'fter this'test. 
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Table V-Occurrence of Erythema Reactions to Pentadecylcatechol (I) and Its Olefinic Congeners in  Pentadecylcatechol-Modified 
Red Cell-Treated and Sham-Treated Control Animals 


Treatment 


~~~~ ~~~ ~ 


Percent of Group with Definite Erythema Response to Test 
Doses of I or Its Olefinic Congeners 


I Monoolefin, Diolefin, Triolefin, 
Weeks" 3 pg 1 pg 0.3 fig 3 pg 3 pg 3 pg 


Pentadecylcatechol-modified red cell 2 
Control 2 
Pentadecylcatechol-modified red cell 4 
Control 4 
Pentadecylcatechol-modified red cell 6 
Control 6 


Control 8 
Pentadecylcatechol-modified red cell 8 


~~ 


23 15 0 NTC 
88 25 0 NT 
15 0 0 NT 
75 38 0 NT 
E b  NT NT 15d 


100 NT NT 100 
18 NT NT 18 
88 NT NT 88 


NT NT 
NT NT 
NT NT 
NT NT 
15d 


100 100 
186 36 


100 100 


@ Weeks after attempted sensitization with pentadecylcatechol. p < 0.01. Not tested. p C 0.001. 


Table VI-Degree of Delayed-Type Hypersensitivity of Pentadecylcatechol-Modified (E) or  Sham-Treated Control (C) Groups of 
Guinea Pigs to Pentadecylcatechol (I) and Its Olefinic Congeners 


~ ~~ ~ ~~ ~ 


Skin Test Substances 
I Monoolefin, Diolefin, Triolefin, 


Treatment Weeksa 3 ll!? 1 fib! 0.3 fig 3 fig 3 fif? 3 fib! 


E 
C 


2 1.5 
2 1.7 


0.3 0 NT 
1.0 0 NT 


E 4 1.0 0.0 0 NT 
C 4 1 .o 0.8 0 NT 
E 6 0.8 NT NT 2.2 
C 6 1.1 NT NT 1.7 


NT N T  
NT NT 
NT NT 
NT NT 
1.8 2.8 
2.0 2.8 


E 8 1.0 NT NT 1.2 1.1 3.1 
C 8 1.6 NT NT 1.2 1.9 3.1 


Weeks after attempted sensitization. Not tested. 


throughout the entire 24 weeks. A t  the 1-pg dose level, significant dif- 
ferences were observed over the first 14 weeks. Loss of significance at  the 
20 and 24th weeks to the 1-pg test level apparently resulted from a loss 
of sensitivity in the control group rather than from a loss of tolerance in 
the experimental group. At  the 0.3-pg dose level, the differences in tol- 
erant and control groups were not consistently significant due to the 
paucity of responses in the control group. 


To show that tolerance to I was caused by haptenated red cell treat- 
ment and not by lack of immunocompetence, all treated animals were 
given sensitizing doses of dinitrochlorobenzene after the initial skin test 
with I. The control guinea pigs were not given sensitizing doses and served 
as negative dinitrochlorobenzene controls. None of the control group 
responded to dinitrochlorobenzene whereas all of the treated tolerant 
animals developed sensitivity to it. Therefore, tolerance induced by 
pentadecylcatechol-modified red cell injection was immunologically 
specific. 


Specificity of Pentadecylcatechol-Induced Sensitivity and 
Pentadecylcatechol-Modified Red Cell-Induced Tolerance-A 
group of 11 guinea pigs was given tolerizing injections of haptenated red 
cells, and a control group of eight was given sham-treated red cells. 
Sensitization of both groups to I was attempted 2 weeks later. Both groups 


Table VII-Determination of Radioactivity Associated with 
Intact Tritiated Pentadecylcatechol Red Cell Conjugates, Red 
Cell Membrane Ghosts, and Red Cell Sap 


Percent of Percent of 
Tritium, Total Incorporated 


pCi Activity Activity 


Unincorporated (incubation 


First wash (supernate) 
Second wash (supernate) 
Third wash (supernate) 
Total unincorporated 


Lysate of whole cells 
Wash of ghosts 
Total cell sap 
Red cell ghost 


supernate) 


Incorporated 


Total recovered activity 


3.29 47.0 


0.28 4.0 
0.15 2.5 
0.09 1.9 


3.81 55.4 


12.7 
6.3 


0.24 3.4 
0.12 1.7 


0.36 5.1 19.0 
1.53 21.95 80.9 
5.70 82.45 99.9 


a Total activity added to suspension was 7 pCi. 


were skin tested with 3-, 1-, and 0.3-pg doses of I and with vehicle a t  2 and 
4 weeks after attempted sensitization. At  6 and 8 weeks after attempted 
sensitization, each group was tested with 3 pg each of I and its mono-, di-, 
and triolefinic congeners. The frequency of erythema responses of these 
animals to the skin test doses are shown in Table V. Animals were scored 
as reactive if erythema was observed at  least once during the 72-hr ob- 
servation period after test substance application. 


The degree of delayed-type hypersensitivity of treated and control 
groups to I and its congeners was calculated as previously described and 
is shown in Table VI. All control animals developed sensitivity to I and 
its three congeners, but the skin reactions to the different congeners were 
not of equal severity. The degree of delayed-type hypersensitivity pro- 
duced by triolefin was two to three times that produced by 1. The degree 
of delayed-type hypersensitivity decreased with increased saturation of 
the side chain. The order of allergenic potency was triolefin > diolefin 
> monoolefin > I. The haptenated red cell-treated pigs were highly tol- 
erant to I and its congeners throughout the 8 weeks of study. The dif- 
ferences in sensitivity of the treated and control groups were highly sig- 
nificant ( p  < 0.01 or <0.001) at the 3-pg level of I and its congeners 
throughout the 8 weeks. Differences were not significant a t  the 1- and 
0.3-pg doses of I because of lack of a high degree of sensitivity of control 
animals. Over 80% of the treated animals in this experiment were tolerant, 
which confirms the results of the previous study. Again, two animals in 
the treated group (15%) did not develop tolerance. 


Determination of Membrane-Associated Pentadecylcatechol- 
Tritium-labeled pentadec$catechol red cell conjugates were prepared 
to determine the percentage of I that became bound to the red cell and 
the localization of I (membrane associated or cell sap associated). Cell 
suspensions were incubated with 1 mg of I (7 pCi of tritiated pentade- 
cylcatechol). After removal of the incubation supernate (unincorporated 
activity) followed by three successive washes, aliquots of the conjugates 
were used to determine the radioactivity incorporated into the intact cells 
or they were lysed with hypotonic solution, and the activity associated 
with the red cell membrane ghosts and cell sap was determined. 


The determinations were made on four separate cell suspensions with 
essentially the same results. The results of a typical assay are shown in 
Table VII. Twenty-seven percent of the activity (equivalent to 270 pg 
of I) became associated with the red cell, Fifty-five percent of the activity 
was in the incubation mixture, and the remaining 17.5% was believed to 
have been retained in the incubation vessel. Approximately 81% of the 
red cell-incorporated activity (equivalent to 219 pg of I) was associated 
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with the red cell membrane. The remaining 19% was associated with the 
red cell sap and represented -51 pg of I. 


I t  was reported that membrane-associated urushiol or I (red blood cell 
or lymphocyte membrane associated) will induce blastogenesis of pe- 
ripheral blood lymphocytes in uitro (24). Urushiol was shown to be highly 
soluble in, but not covalently bound to, the cell membrane since the ur- 
ushiol was not removed from the membrane with aqueous washes but was 
removable with dimethyl sulfoxide. Haptenated membranes were shown 
to induce contact sensitivity to picryl chloride in uitro when administered 
subcutaneously (25), while intravenous administration of the haptenated 
membranes induced specific immunological tolerance. Thus, the ad- 
ministration route of the membrane-associated hapten appears to be 
important in determining whether contact sensitivity or tolerance will 
result. 


Since haptenated membranes can induce hapten-specific tolerance 
as well as contact sensitivity, it is unlikely that the haptenated membrane 
is the tolerogen and sensitizer. The membrane probably serves as a 
physiological vehicle that carries the lipophilic substance until the im- 
mune system intercepts the hapten. Whether contact sensitivity or tol- 
erance results probably depends on the prevalence of the interceptor cell 
type (macrophage, Langerhans cell, T-lymphocyte, B-lymphocyte) that 
initially reacts with the hapten. The route of hapten administration likely 
would favor a higher incidence of interaction of the hapten with one of 
these cell types. 
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Abstract Laser Raman spectroscopy is convenient for characterizing 
griseofulvin solvates and investigating solute-solvent interactions and 
desolvation. The spectra of both lattice and intramolecular vibrations 
were monitored. A new solvate of griseofulvin with bromoform was 
characterized by Raman spectroscopy. A temperature-dependence study 
of the solvates of griseofulvin with chloroform, bromoform, and benzene 
revealed no phase transformation or chemical change. In the benzene 
solvate, only weak Van der Waals interactions existed between the solute 
and solvent. However, in solvates with chloroform and bromoform, a weak 
hydrogen bonding existed between the proton of the solvent and the C=O 
group of the benzofuran ring in griseofulvin. Examination of desolvation 
in these solvates revealed that the crystal did not go through any inter- 


mediate structure during desolvation. As the solvent molecule escaped, 
the lattice reverted to the structure of unsolvated griseofulvin. 


Keyphrases Griseofulvin-unsolvated and solvate forms, laser Raman 
spectroscopy, physicochemical stability, desolvation Spectroscopy, 
laser Raman-investigation of griseofulvin and its solvates, physico- 
chemical stability, desolvation 0 Pharmaceutical solids, polymor- 
phic-griseofulvin and its solvates, investigation using laser Raman 
spectroscopy, physicochemical stability, desolvation Antifungal 
agents-griseofulvin and its solvates, investigation with laser Raman 
spectroscopy, physicochemical stability, desolvation 


Many drugs in the solid state exhibit polymorphism, in 
which the same compound exists in several crystalline 
modifications at the same temperature (1,2). Interest in 
polymorphism stems from the fact that different crystal- 
line modifications of the same drug have different physical 


and, in some cases, chemical properties that may be a se- 
rious consideration in the manufacture of the dosage form 
(1, 2). For example, differences in the solubility of poly- 
morphic forms can cause serious bioavailability prob- 
lems. 
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GLC Analysis of Menthol, Phenol, Benzocaine, and 
Pyrilamine Maleate in Aerosol Spray Lotion 
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Abstract A GLC method is presented for the quantitative determi- 
nation of menthol, phenol, benzocaine, and pyrilamine maleate. The 
propellent was exhausted from a pressurized can, and an aliquot of the 
alcoholic base was weighed. After the addition of the internal standard 
diluted with chloroform, 1 p1 of the mixture was injected in the chro- 
matograph with a flame-ionization detector and a glass column packed 
with 2.5% OV-225. Average recoveries were 100.3 f 1.4,lW.O f 1.4,101.3 
f 1.5, and 101.5 f 1.5% for menthol, phenol, benzocaine, and pyrilamine 
maleate, respectively. 


Keyphrases Aerosols-GLC analysis of menthol, phenol, benzocaine, 
and pyrilamine maleate 0 GLC-analysis of menthol, phenol, benzo- 
caine, and pyrilamine maleate in aerosol form 0 Sprays-GLC analysis 
of menthol, phenol, benzocaine, and pyrilamine maleate 


Menthol (I), phenol (II), benzocaine (III), and pyril- 
amine maleate (IV) are found in various preparations, such 
as creams, lotions, and dusting powders, used for the 
treatment of allergic conditions and analgesic applications. 
While analyses have been reported for the quantitation of 
1-111 singly and in combination with other drugs in topical 
products, no analytical procedure was found for IV in lo- 
tion or cream form. 


Douglas (1) used GLC to determine I, 11, and methyl 
salicylate in several commercial preparations. Quantitative 
determinations of I11 by colorimetric (2), high-performance 
liquid chromatographic (HPLC) (3), and GLC (4) methods 
also were reported. Ghanekar and Gupta (5 )  used HPLC 
to determine the maleates of IV, chlorpheniramine, 
brompheniramine, and pheniramine. The method pre- 
sented here permits the simultaneous determination and 
identification of the components analyzed with a single 
injection. 


EXPERIMENTAL 


Materials-A gas Chromatograph' with a flame-ionization detector 
was fitted with a 1.8-m X 3-mm i.d. column packed with 2.5% OV-225 on 
Chromosorb W, 80-100 mesh. The reagents2 chloroform, menthol, phe- 
nol, and dichlor~xylenol~ were used. 


Solution Preparation-The stock standard solution was prepared 
by dissolving, per milliliter of chloroform, 7.9 mg of menthol, 7.9 mg of 
phenol, 7.8 mg of benzocaine4, and 10.9 mg of pyrilamine maleate4. In 50 
ml of chloroform was dissolved 1000 mg of dichloroxylenol, the internal 
standard solution. 


Standard Preparation-Stock standard preparation (3 ml) was pi- 
petted into a 50-ml volumetric flask, and 2 ml of the internal standard 
solution was added and diluted to the mark with chloroform. Then 1 pl 
was injected into the chromatograph. 


Hewlett-Packard 5840-A. 
Unless otherwise specified, all reagents were from British Drug Houses. 


USP reference standard. 
3 Pfaltz & Bauer. 


Table I-Standard Preparation 


Recovery, % 
Trial I I1 I11 IV 


1 100.2 100.6 100.6 101.0 
2 101.6 101.9 103.2 103.0 
3 100.5 100.5 99.6 99.1 
4 99.5 100.0 103.4 101.2 
5 101.6 101.3 99.3 100.2 
6 100.9 100.9 102.5 100.2 
7 99.5 99.0 102.8 102.9 
8 97.9 98.8 100.7 103.0 - ..- 
9 100.0 97.8 101.0 103.5 


10 100.6 100.0 100.3 100.7 
Mean 100.3 100.0 101.3 101.5 
SD fl.1 f1.4 f1.5 f1.5 


Sample Preparation-A pressurized can was cooled in the freezer 
of an ordinary refrigerator for 1 hr. The can was removed and pierced in 
the shoulder plate (valve site). The propellent ejection was regulated by 
holding the piercing device into the perforated hole. When the propellent5 
pressure had ceased, the top of the can was cut, and the alcoholic basee 
was poured into a 250-ml conical flask. The flask was shaken mechanically 
for 20 min. All operations were carried out under a semiclosed hood. An 
aliquot of liquid (-2.5 ml) was weighed into a 50-ml volumetric flask, and 
2 ml of the internal standard solution was added and diluted to volume 
with chloroform. Then 1 pl was injected into the chromatograph. 


ll 1 


15 
~~ 


1 6 10 
MINUTES 


Figure 1-Representatioe gas chromatogram, Key: 1 ,  menthol; 2,  
phenol; 3, internal standard; 4 ,  acetylated lanolin alcohol; 5 ,  benzocaine; 
and 6 ,  pyrilamine kaleate. 


Dichlorofluoromethane (Arcton 12), Imperial Chemical Industry Ltd. 
The preparation, excluding the ropellent, contained, per gram, 13.3 m of I, 


13.3 mg of IL12.5 mg of IIL18.3 mg ofIV, ethanol, Myglyol, Crodolan LA, and Eetiol 
HE. 
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Table 11-Response Factors of I-IV with Respect to the  Internal 
Standard a 


Solution, YO Component Response Factor RSD, % 


100 


120 


I 
I1 


111 
IV 


I 


2.06 0.78 
1.79 0.71 
1.40 1.11 
0.99 0.64 
2.05 1.02 


~~ 


I1 1.84 1.14 
111 1.43 1.68 
IV 1.04 1.43 


Three solutions were prepared, and 18 measurements were made. 


Table 111-Precision Study of a Commercial Preparation 


Compound 
Parameter I I1 I11 IV 


Theoretical 13.3 13.3 12.5 18.3 


x (n = 8) 13.0 13.1 12.3 18.3 
content, mg/g 


RSD, % 0.75 0.76 1.2 1.2 


RESULTS AND DISCUSSION 


The recovery study was conducted by preparing a standard solution 
containing the internal standard and all of the ingredients in amounts 
as found in the commercial product. The solution was determined 10 
times. The results (Table I) show that active ingredients can be separated 
(Fig. 1) and analyzed by direct injection into the chromatograph. Even- 
tual interferences from other ingredients were investigated by preparing 


a solution that excluded the active components. The chromatogram of 
this solution showed a peak of one component7 with a retention time at 
-9.15 min, which did not interfere. Peaks of less volatile compoundss 
appeared between 25 and 28 min. Therefore, it was convenient to allow 
the instrument to run periodically for 30 min during the analysis. 


The ratios of the area per weight of substance to the area per weight 
of internal standard were calculated for the active components over a 
range of 80-120% of the label claim. Results for three solutions (80,100, 
and 120%) are reported in Table 11. Several liquid phases were tried to 
accommodate compounds of different polarity in the same chromato- 
gram. The response factors throughout the concentration range studied 
attest to the usefulness of OV-225 as the liquid phase. 


Since the procedure was planned only to determine the active ingre- 
dients contained in the alcoholic base, it appeared preferable to remove 
first the propellent from the rest of the sample a t  a temperature (4') 
where the alcoholic vapor tension was considerably reduced. The residual 
propellent was eliminated by shaking the decanted sample for 20 min. 
Precision also was examined by analyzing a production lot commercial 
preparation. Results are reproduced in Table 111. 


The method presented is reasonably fast, and precision is consistent 
with accuracy. 
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Abstract 0 The X, Y, and Z principal vibration directions along with 
the principal refractive indexes, optic angle, optical sign, birefringence, 
optical orientation, and crystal system for the low solubility compound 
5-(tetradecyloxy)-2-furancarboxylic acid were determined with a pola- 
rizing microscope and spindle stage. The X and Z principal vibration 
directions are not coincident with the a and c crystallographic axes; 
however, the Y direction is considered to be coincident with the b axis. 
Therefore, the crystal is assigned to the monoclinic crystal system. The 
bladedhath-shaped crystals rest on one of the two large orthopinacoid 
(100) faces and present the microscopist with a single plane of optical 
symmetry. A @ refractive index of 1.555 is observed with the crystal axis 
of elongation parallel to the polarizer, and a y' of -1.6W1.660 is observed 


in the contiguous extinction position. Determination of the optic angle, 
principal vibration directions, and principal refractive indexes was fa- 
cilitated by mounting the crystals on a spindle stage for rotation about 
the 6 crystallographic axis (optic normal). 


Keyphrases 0 5-(Tetradecyloxy)-2-furancarboxylic acid-optical 
characterization using a polarizing microscope and spindle stage Op- 
tical characterization-low solubility compound, 5-(tetradecyloxy)-2- 
furancarboxylic acid Crystallography-optical characterization of a 
low solubility organic compound, 5-(tetradecyloxy)-2-furancarboxylic 
acid 


Control of dosage formulation in the clinic by conven- 
tional aqueous dissolution methods was not possible with 
5-(tetradecyloxy)-2-furancarboxylic acid' (I) because of 
its poor solubility in alcohol and/or water. A high con- 
centration of surfactant and water was eventually utilized 
for the solvent, but other controls were necessary to ensure 


that changes in the crystalline structure between lots did 
not occur. Long-chain fatty acid compounds such as this 
one are well known for their polymorphic character (1). 
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with the red cell membrane. The remaining 19% was associated with the 
red cell sap and represented -51 pg of I. 


I t  was reported that membrane-associated urushiol or I (red blood cell 
or lymphocyte membrane associated) will induce blastogenesis of pe- 
ripheral blood lymphocytes in uitro (24). Urushiol was shown to be highly 
soluble in, but not covalently bound to, the cell membrane since the ur- 
ushiol was not removed from the membrane with aqueous washes but was 
removable with dimethyl sulfoxide. Haptenated membranes were shown 
to induce contact sensitivity to picryl chloride in uitro when administered 
subcutaneously (25), while intravenous administration of the haptenated 
membranes induced specific immunological tolerance. Thus, the ad- 
ministration route of the membrane-associated hapten appears to be 
important in determining whether contact sensitivity or tolerance will 
result. 


Since haptenated membranes can induce hapten-specific tolerance 
as well as contact sensitivity, it is unlikely that the haptenated membrane 
is the tolerogen and sensitizer. The membrane probably serves as a 
physiological vehicle that carries the lipophilic substance until the im- 
mune system intercepts the hapten. Whether contact sensitivity or tol- 
erance results probably depends on the prevalence of the interceptor cell 
type (macrophage, Langerhans cell, T-lymphocyte, B-lymphocyte) that 
initially reacts with the hapten. The route of hapten administration likely 
would favor a higher incidence of interaction of the hapten with one of 
these cell types. 
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Abstract Laser Raman spectroscopy is convenient for characterizing 
griseofulvin solvates and investigating solute-solvent interactions and 
desolvation. The spectra of both lattice and intramolecular vibrations 
were monitored. A new solvate of griseofulvin with bromoform was 
characterized by Raman spectroscopy. A temperature-dependence study 
of the solvates of griseofulvin with chloroform, bromoform, and benzene 
revealed no phase transformation or chemical change. In the benzene 
solvate, only weak Van der Waals interactions existed between the solute 
and solvent. However, in solvates with chloroform and bromoform, a weak 
hydrogen bonding existed between the proton of the solvent and the C=O 
group of the benzofuran ring in griseofulvin. Examination of desolvation 
in these solvates revealed that the crystal did not go through any inter- 


mediate structure during desolvation. As the solvent molecule escaped, 
the lattice reverted to the structure of unsolvated griseofulvin. 


Keyphrases Griseofulvin-unsolvated and solvate forms, laser Raman 
spectroscopy, physicochemical stability, desolvation Spectroscopy, 
laser Raman-investigation of griseofulvin and its solvates, physico- 
chemical stability, desolvation 0 Pharmaceutical solids, polymor- 
phic-griseofulvin and its solvates, investigation using laser Raman 
spectroscopy, physicochemical stability, desolvation Antifungal 
agents-griseofulvin and its solvates, investigation with laser Raman 
spectroscopy, physicochemical stability, desolvation 


Many drugs in the solid state exhibit polymorphism, in 
which the same compound exists in several crystalline 
modifications at the same temperature (1,2). Interest in 
polymorphism stems from the fact that different crystal- 
line modifications of the same drug have different physical 


and, in some cases, chemical properties that may be a se- 
rious consideration in the manufacture of the dosage form 
(1, 2). For example, differences in the solubility of poly- 
morphic forms can cause serious bioavailability prob- 
lems. 
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Figure 1-Raman spectra of the lattice vibrations of the unsolvated 
griseofulvin and the griseofulvin solvates with chloroform and bromo- 
form at 135OK. 


BACKGROUND 


The present study examined polymorphism exhibited by griseofulvin, 
which is used in the treatment of fungus infection (3). This compound 
in the solid state exists in the unsolvated form, and its solvates with 
chloroform (4, 5) and benzene (6) have been studied by various tech- 
niques. Reducing the particle size of griseofulvin enhances its GI tract 
absorption (3,4). Particle-size reduction can be obtained by desolvating 


Figure 2-Lattice vibration Raman 
spectra of the benzene solvate at 
several temperatures. 


2'K h 


the solvates of griseofulvin. Thus, study of the stability of the solvates, 
the solute-solvent interaction, and the desolvation process is of great 
importance. 


Normally, the methods used to characterize polymorphs are X-ray 
diffraction, optical and electron microscopy, thermal methods (differ- 
ential thermal analysis, differential scanning calorimetry, and thermal 
gravimetric analysis), and IR spectroscopy of the internal vibrations (1, 
2). Recently, Raman spectroscopy of lattice vibrations was introduced 
to study the polymorphism of pharmaceutical solids (7). The lattice vi- 
brations (also called phonons) correspond to librations and translations 
of the entire molecule in the lattice. These vibrations are  of low frequency 
(10-150 cm-l) and are easily observed in the Raman spectra. The lattice 
vibrations are characteristic of the crystal structure and interactions. 
Thus, the Raman spectra of the lattice vibrations can be used to char- 
acterize the solid states of a drug and to study the stabilities of various 
crystalline modifications (8-10). 


The Raman spectra of intramolecular vibrations also can be obtained 
in the same experimental arrangement. Intramolecular vibrations can 
be used to study both the specific nature of the solute-solvent interaction 
and the chemical stability of the various forms. The present study was 
based on the principle that a physical transformation in the solid state 
shows a dominant effect on the phonon spectra but only a small effect 
on intramolecular vibrations. On the other hand, a chemical change leads 
to a large change in both the phonon spectra and the spectra of intra- 
molecular vibrations. 


Laser Raman spectroscopy was used for the following investigations 
on griseofulvin: ( a )  the characterization and identification of unsolvated 
griseofulvin and its various solvates, ( b )  the physical and chemical sta- 
bility of these solvates with changes of external conditions such as tem- 
perature, (c) the effect of chemical perturbation (e .g . ,  change of a sub- 
stituent group) on the crystal structure, ( d )  the nature of solute-solvent 
interactions in a solvate, and ( e )  the process of solvate desolvation. 


EXPERIMENTAL 


The griseofulvin' solvates were grown from benzene (protonated and 
deuterated), chloroform (protonated and deuterated), and bromoform2. 
The chloroform and bromoform solvates were readily formed by slow 
solvent evaporation and were air stable for days. To obtain the benzene 
solvates, between 0.06 and 0.08 g of griseofulvin was added to 5 ml(&5%) 
of benzene. While the 5-ml volume was maintained, the solution was 
heated to boiling (-75O). When all of the griseofulvin was dissolved, the 
solution was transferred to a warmed beaker and checked for any visible 
matter. This hot solution was cooled rapidly in an ice bath to 10-15'. 
When this temperature was maintained for 24 hr, only the benzene sol- 
vate of griseofulvin was formed. This solvate was stable in air for only a 
few hours. 


Raman spectra were obtained using a double monochr~mator~ and the 
5145-A line of a coherent radiation argon-ion laser. Most samples were 
studied below room temperature because of the improved spectral res- 
olution. Spectra were taken with the sample in liquid nitrogen or by 
cooling the sample with a flow of nitrogen vapor that provided an effective 
bath of -125OK or higher. To obtain spectra below the liquid nitrogen 
temperature, crystals were cooled in a cryostat4 using a flow of helium 
vapor. The spectra of the benzene solvates were taken at 2OK. To obtain 
this temperature, a vacuum was pulled on liquid helium, forming a su- 
perfluid state. The temperature was measured with a chromel-constantan 
thermocouple referenced at  an ice bath. Direct-current detection was 
used. The band positions were measured relative to the laser line and were 
accurate to f1.0 cm-'. 


RESULTS AND DISCUSSION 


The following discussion emphasizes the aspects rather than the spe- 
cific system investigated. 


Characterization of Various Solvates-Raman spectra of the 
phonon region provide unambiguous characterization of the various 
crystalline modifications of a given substance. For this purpose, the ob- 
served phonon spectral patterns were used. The spectral pattern is de- 
fined by the number of peaks observed and their frequencies and relative 
intensities. Although relative intensities may show some variations de- 
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pendent on crystal orientation, use of a polycrystalline or powdered 
sample helps minimize this problem and provides reproducible spectral 
patterns that can identify and distinguish between various polymorphs. 
On the other hand, the internal vibration region (which also can be in- 
vestigated using IR techniques) generally shows only small shifts in 
frequencies and only in selected regions. 


The results of phonon spectral studies to characterize griseofulvin and 
its chloroform and benzene solvates were reported previously (7); the 
present study investigated other solvates. Griseofulvin also was reported 
to form a solvate with dioxane (6); however, the phonon spectra obtained 
on crystals grown from dioxane solution were identical to those of un- 
solvated griseofulvin. Thus, no evidence of solvate formation with dioxane 
was found. 


An attempt was made to form a solvate with bromoform. As shown in 
Fig. 1, the Raman phonon spectra of the samples obtained from chloro- 
form and bromoform solutions clearly are different from those of the 
unsolvated griseofulvin. Again, the low temperature (135OK) spectra 
provided improved resolution of peaks (Fig. 1) and assisted in the com- 
parison. Thus, the crystalline modification obtained from bromoform 
was different from that of the unsolvated griseofulvin. The presence of 
the solvent (bromoform) internal vibration in the internal vibration re- 
gion also confirmed the formation of a solvate between bromoform and 
griseofulvin. This solvate was never reported previously. 


Temperature  Study of Crystalline Forms-The phonon spectra 
of griseofulvin and its solvates were studied from room temperature down 
to liquid helium temperature (2OK). As the temperature was lowered, 
more structures became resolved due to the reduced linewidth of the 
peaks, and the phonon frequencies shifted to higher values. Figure 2 
shows the spectra a t  several temperatures for the benzene solvate in the 
10-150-~m-~ spectral region. In this region the benzene solvate showed 
nine resolved peaks a t  96OK and 33 resolved peaks a t  2'K. On the other 
hand, 12 peaks were observed for the chloroform solvates a t  136'K, but 
only 31 peaks were observed for the same solvate a t  liquid helium tem- 
perature. 


Except for the increased number of peaks due to improved resolution, 
the number of spectral features of each crystalline form remained the 
same as the temperature was varied; r.e., there was no spectra disconti- 
nuity. This result clearly indicates absence of any structural phase 
transitions or any chemical change for either griseofulvin or any of the 
solvates studied. A phase transition or a chemical change will clearly 
reveal itself by a change in the spectral pattern of the phonon region (9, 
10). 


The reduction in linewidths of the peaks and the shift of frequencies 
with temperature are general phenomena that arise primarily from the 
anharmonicity of the lattice (11, 12). The temperature dependence of 
the phonon frequencies is derived mainly from thermal expansion of the 
lattice which, in turn, is a consequence of lattice anharmonicity (11). The 
observed effect clearly indicates a considerable degree of lattice anhar- 
monicity for these crystals. The linewidths of the peaks reflect the con- 
tribution from disorders in the lattice as well as from anharmonic pho- 
non-phonon interactions (12). The line broadening derived from disorder 
can be assumed to be temperature independent, but the broadening due 
to anharmonic phonon-phonon interactions is highly temperature de- 
pendent. Thus, a temperature-dependence study of the linewidth can 
be used to investigate the presence of disorder in the lattice (12). For 
griseofulvin and its solvates, the linewidths were highly dependent on 
temperature. At 2'K, the lines were narrow, indicating highly-ordered 
lattices. 


Chemical Per turbat ion of Crystal  Structure-It often becomes 
necessary to improve a drug by changing a substituent group in the mo- 
lecular structure. However, since bioavailability is dependent on the 
crystal structure of the compound, it is helpful to know how the parent 
compound's crystal structure is affected by chemical substitution. A 
previous investigation on organic solids suggested that Raman spec- 
troscopy can provide useful information in this area (13,14). If a small 
chemical perturbation (changing only a small substituent group in the 
parent structure) yields a crystal structure that is identical (in space 
group) to the parent crystal structure, the phonon spectral pattern bears 
a close correspondence with that of the parent material. 


For griseofulvin, this criterion was used to obtain information regarding 
the crystal structure of the new bromoform solvate. The bromoform 
solvate can be visualized as being derived from the chloroform solvate 
by chemical substitution of the chloroform. The phonon spectra of these 
two solvates at 135OK are compared in Fig. 1. Except for the shifts in 
phonon frequencies, there appeared to be close correspondence between 
the phonon peaks in the spectra of the two solvates, suggesting that they 
have the same crystal structures. The phonon frequencies in the bro- 
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Figure 3-Raman spectra of the chloroform and bromoform soluates 
obtained for the 1550-1800-~rn-~ spectral region. 


moform solvate were lower than those for the chloroform solvate. This 
shift to lower frequencies was perhaps a result of a larger unit cell required 
by a larger solvent molecule (bromoform compared to chloroform). 


SoluteSolvent Interactions-To investigate the interaction between 
the griseofulvin molecule and the solvents involved in solvate formation, 
a comparative study of the internal vibrational frequencies of various 
functional groups of the drug and the solvent molecule was needed in the 
solvate as well as in the pure states. 


The internal vibrational spectra of the benzene solvate appeared to 
be essentially a superposition of the spectra of pure griseofulvin and 
benzene. The frequency shifts of the vibrations of both components were 
<3 cm-'. The solvate spectra contained no additional bands other than 
those observed for the pure components. Since these shifts were small, 
the interaction between griseofulvin and benzene was weak and of a Van 
der Waals type. A manifestation of this weak interaction was the loss of 
benzene when the griseofulvin-benzene solvate was exposed to the at- 
mosphere. After 24 hr, an unsealed sample exhibited a spectrum identical 
to that of the unsolvated griseofulvin. 


In the 200-1550-cm-' region, the chloroform and bromoform solvates 
exhibited a behavior similar to that of the benzene solvate. The spectra 
were essentially a superposition of those of the pure components. Two 
spectral regions showed changes: 1550-1800 and 2800-3200 cm-I. Figure 
3 shows that the 1703.5- and 1708.5-cm-' bands of pure griseofulvin 
shifted to 1684.0 and 1694.5 cm-' in the chloroform solvate. A similar 
observation was noted for the bromoform solvate where a slightly larger 
shift occurred. These vibrational frequencies correspond to the C=O 
stretching modes of the benzofuran ring of griseofulvin. 


Table I shows the analysis of the C-H stretching region (2800-3200 
cm-') of the bromoform solvate and the chloroform (deuterated and 
protonated) solvates. Except for the transitions a t  2998 cm-', there was 
a 1:l correlation between the three solvates. The pure chloroform-h 
solvent transition at 3011.0 cm-' shifted by 13 cm-I to 2998.0 cm-I in 
the solvate. Pure bromoform solvent transition at 3023.0 cm-I shifted 
by 24 cm-I to 2999.5 cm-'. In both cases, there was a shift of the C-H 
stretching mode of the solvent in the solvate. 


These results indicate a specific interaction between the C-H group 
of the solvents and the C=O group of griseofulvin and, possibly, a weak 
hydrogen bonding between H- -0. This result is consistent with the 
X-ray diffraction work of Cheng and Shefter (15) who also found a short 
H- -0 distance. 


This additional interaction tends to make these solvates more stable 
than the benzene solvate. When exposed to air for several days, the 
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Table I-Analysis of the C-H Stretching Region (2800-3200 
cm-l) of the Bromoform Solvate and Chloroform (Deuterated 
and Protonated) Solvates 


Griseofulvin- Griseofulvin- Griseofulvin- 
Chloroform-d Chloroform-h Bromoform 


Frequency Intensity Frequency Intensity Frequency Intensity 


2899.5 m 2899.5 m 2894.0 w 
2912.5 vw 2914.0 vw 2911.5 w 
2940.5 w-Br 2941.5 w 2938.5 w-Br 
2949.0 w 2950.0 w 2944.5 vw 
2960.0 w 2959.0 w 2955.5 w-Br 
2973.0 w 2974.0 w 2970.5 vw 
2987.5 m 2988.0 m 2986.5 w-Br 


2998.0 vw 2999.5 w 
3012.0 w-m 3012.5 w-m 3010.0 w 
3025.5 w 3025.5 s 3025.5 s 
3033.0 w 3033.5 w-m 
3074.0 w 3075.0 w-Br 3076.5 vw-Br 


The following abbreviations are used: s = strong, m = medium, w = weak, vw 
= very weak, and Br = broad. 


griseofulvin-chloroform or bromoform solvate showed no degradation. 
Desolvation-As a crystalline solvate undergoes desolvation, the 


solvent molecule makes an exit due to an external perturbation (e.g., rise 
in temperature) and the lattice can suffer several consequences. Three 
possibilities define the modes of desolvation: 


1. The lattice still exists in the same crystalline form even in the ab- 
sence of the solvent molecule. 


2. Desolvation produces an intermediate structure, which eventually 
reverts to that of the unsolvated griseofulvin. 


3. As the solvent molecule escapes, the lattice immediately (or in an 
extremely short period) reverts to the structure of the unsolvated 
griseofulvin. 


Phonon spectra were used to investigate desolvation in the chloroform 
and benzene solvates. A crystal of the stable, deuterated chloroform 
solvate was washed with ethanol, air dried, and ground to a powder. A 
small sample of this crystal was heated uniformly with a flow of warm 
nitrogen vapor a t  60'. After each 15-min interval, the sample was re- 
moved and cooled to 135OK, and a spectrum of the phonon region was 
obtained. After 1 hr, the phonon spectra (Fig. 4) appeared to be the su- 
perimposed spectra of the chloroform solvate and unsolvated griseofulvin. 
Additional solvate heating showed that only unsolvated griseofulvin was 
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Figure 4-Raman spectra of the lattice ui- 
brations of the deuterated chloroform sol- 
vate obtained as a function of the desolua- 
tion process. 
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present. As the solvent diffused out, the solvate lattice collapsed. Since 
the crystal structure returned to that of unsolvated griseofulvin, the 
structures of these solvates were not stable without the solvent. 


Sekiguchi et al. (6) studied the desolvation mechanism of the benzene 
solvate by periodically measuring X-ray powder diffraction patterns. 
They observed a peak that was not present in the benzene solvate spec- 
trum or in the pure griseofulvin spectrum and concluded that an inter- 
mediate structure was formed during desolvation. The benzene solvate 
desolvation was monitored by placing a single crystal in a focused laser 
beam, which allowed the monitoring of the phase boundary by periodi- 
cally obtaining the phonon spectra. As Fig. 4 shows, the desolvation ex- 
hibited the appearance of an unsolvated griseofulvin peak (59 cm-'), 
which grew in intensity upon further desolvation. No new peak was ob- 
served during desolvation. While the data show no intermediate structure, 
additional work with single-crystal X-ray crystallography may be nec- 
essary to establish unequivocally the presence or absence of an inter- 
mediate structure during desolvation. 


Laser Raman spectroscopy has a number of advantages and disad- 
vantages. It is convenient and versatile for investigating pharmaceutical 
solids, and spectra of both lattice vibrations and intramolecular vibrations 
in the same arrangement can be obtained. The spectra of lattice vibrations 
provide valuable information on crystalline interactions and can be used 
to characterize crystalline modifications, the effect of various perturba- 
tions on crystal structures, and the desolvation process. The study of 
intramolecular vibrations is used to study both the specific nature of the 
solute-solvent interaction and the chemical stability of the various 
forms. 


From an experimental point of view, b a n  spectroscopy offers several 
advantages over other techniques used to study drugs: 


1. No special sample preparation is required, so the grinding required 
for X-ray powder diffraction or the pressing for IR absorption is elimi- 
nated. 


2. Because the incident laser radiation can be focused into a very small 
spot, extremely small amounts of material can be used. 


3. Raman spectra of lattice vibrations can be obtained easily in a short 
time. 


4. The internal vibration region is examined easily in the same ex- 
periment. 


5. The temperature of the sample can be controlled accurately during 
the experiment, allowing thermal studies of the various forms. 


6. The use of a coherent, tunable, and monochromatic dye laser per- 
mits tuning of the exciting radiation to some electronic transitions. This 
resonance Raman technique permits work with very low laser light levels 
and highly colored materials. 


On the other hand, Raman spectroscopy has some disadvantages. The 
Raman effect is highly inefficient and, thus, is more suitable for the study 
of concentrated species than for a small amount of impurity. In general, 
only relative intensities of various Raman peaks are measured, and even 
then the relative intensities do not easily provide quantitative information 
on the concentrations of various species. Moreover, with colored samples, 
the excitation wavelength of the laser and the power levels must be chosen 
carefully so that the sample does not undergo thermal or photochemical 
decomposition. 


In view of these limitations, Raman spectroscopy cannot be used as 
a substitute for all other techniques. However, when used with discretion, 
it can be a powerful technique for the investigation of pharmaceutical 
solids. 
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Abstract 0 Methodology for the quantitative determination of clor- 
azepate dipotassium and monopotassium in solid dosage forms was de- 
veloped. Clorazepate was resolved from its degradation products, making 
the analysis specific and stability indicating. Analytical separation was 
performed on a octadecylsilylated silica column. Clorazepate was ex- 
tracted from the dosage forms with 0.04% NaOH and chromatographed 
with aqueous 0.005 M tetra-n- butylammonium ion (pH 7.5)-acetonitrile 
(70:30) as the eluent. The analysis was completed in -20 min with a 
precision of <2.4% RSD. 


Keyphrases 0 High-performance liquid chromatography-analysis of 
clorazepate dipotassium and monopotassium in solid dosage forms 0 
Clorazepate, dipotassium and monopotassium-high-performance liquid 
chromatographic analysis, solid dosage forms 0 Tranquilizers-clor- 
azepate dipotassium and monopotassium, high-performance liquid 
chromatographic analysis, solid dosage forms 


In the past, clorazepate (I) primarily was determined 
chromatographically as its primary degradation product 
and major metabolite nordiazepam (11). Clorazepate de- 
carboxylates to give nordiazepam; in aqueous systems (pH 
2-11), the transformation is unimolecular with respect to 
clorazepate. Nordiazepam can undergo further metabolic 
transformations to oxazepam and the glucuronide in urine 
(1). 


GLC has been used extensively (2-6) for the analysis of 
clorazepate as nordiazepam in biological fluids. Similarly, 
nordiazepam has been determined in plasma and urine by 
high-performance liquid chromatography (HPLC) in both 
reversed-phase (7-11) and normal-phase (12, 13) chro- 
matographic modes. 


Recently, a reversed-phase HPLC system for the qual- 
itative identification of clorazepate in oral dosage forms 
was reported (14). With aqueous phosphate buffer (pH 8) 
and methanol (1:2 and 3:4) as the eluent, clorazepate was 
chromatographed intact on an octadecylsilylated column 
both with and without tetra-n- butylammonium ion (0.005 
M )  as an ion-pairing counterion. This paper reports the 
quantitation of clorazepate in its dosage forms by a similar 
procedure used in these laboratories for several years. The 
procedure has been applied to eight formulations of 
clorazepate (monopotassium and dipotassium), both cap- 
sules and tablets, and is specific and stability indicating. 


EXPERIMENTAL 


Reagents and Chemicals-Acetonitrile', tetra-n- butylammonium 
hydroxide2, phosphoric acid3, and sodium hydroxide4 were used as re- 
ceived. 2,6-Dirneth~laniline~ was converted to the hydrochloride by 
acidification of a hexane4 solution of the amine (10% v/v) with concen- 
trated hydrochloric acid6. The precipitated amine salt was filtered, 
washed with hexane, and dried for use as the internal standard. Distilled 
water was used for all aqueous reagent and mobile phase preparations. 


Apparatus-The liquid chromatograph consisted of a pump7, a 
loop-type injectors, a variable-wavelength UV detectorg, and a re- 
corder/data handling systemlo for quantitative work. The 30-cm X 4-mm 
i.d. column contained an octadecylsilylated silica material". 


Mobile Phase-A 0.005 M aqueous solution of tetra-n- butylammo- 
nium ion was prepared from 5.0 ml of tetra-n- butylammonium hydroxide 
in 1 liter of water, and the pH was adjustedI2 to 7.5 with phosphoric acid. 
The mobile phase was prepared by diluting 300 ml of acetonitrile to 1 liter 
with 0.005 M tetra-n-butylammonium-ion solution. The eluent was fil- 
tered13 through a 0.45-pm membrane filter14, stirred magnetically, and 
degassed under vacuum. 


Chromatographic Conditions-The temperature was ambient, and 
the flow rate was -1.8 ml/min. The detector sensitivity was set at 0.2 au 
(230 nm). The injector loop size was 20 pl, and the chart speed was 0.2 
cm/min. 


Sample Solvent-Sodium hydroxide (0.04% w/v) was filtered13 
through a 0.45-pm membrane filter14. 


Internal Standard-2,6-Dimethylaniline hydrochloride (30 mg) was 
dissolved in, and diluted to 100.0 ml with, the sample solvent. 


Reference Standard-A solution containing 50-60 pg of clorazepate 
reference standard15/ml was prepared by dissolving it in, and diluting 
appropriately with, the sample solvent. An ultrasonic water bath16 was 
employed to aid dissolution. A 5.0-ml portion of this solution and 2.0 ml 
of the internal standard solution were diluted to 10.0 ml with the sample 


Distilled-in-glass, Burdick & Jackson Laboratories, Muskegon, Mich. * Titration grade, 1.0 M in methanol, Southwestern Analytical Chemicals, 


3 Reagent grade (85%), J. T. Baker Chemical Co., Phillipsburg, N.J. 


6 Baker analyzed, J. T. Baker Chemical Co., Phillipsburg, N.J. 


Austin, Tex. 


AR grade, Mallinckrodt, Paris, Ky. 
Eastman Organic Chemicals, Rochester, N.Y. 


Model M6000A, Waters Associates, Milford, Mass. 
Model 7120, Rheodyne, Berkeley, Calif. 
Model 450, Waters Associates, Milford, Mass. 


lo Model 3385A, Hewlett-Packard Corp., Rolling Meadows, Ill. 
l1 pBondapak Cis, Waters Associates, Milford, Mass. 
l2 Model 10 pH meter, Corning Scientific, Medfield, Mass. 
l3 Millipore Corp., Bedford, Mass. 
l4 Flotronics Division, Selas Corp., Huntingdon Valley, Pa. 
l5 Clorazepate dipotassium (lot 72-307-CA) or clorazepate monopotassium (lot 


64-922-AL), House Reference Standards, Abbott Laboratories, North Chicago, 
Ill. 


l6 Bransonic 32, Branson Cleaning Equipment Co., Shelton, Conn. 
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Abstract 0 Two new compounds, ethyl N-succinimidoxyacetate and 
methyl N-succinimidoxyacetate, were prepared by reacting a solution 
of freshly recrystallized N-hydroxysuccinimide in tetrahydrofuran with 
a mixture of the corresponding halogenated ester and triethylamine. The 
compounds possessed some anticonvulsant properties. 


Keyphrases Succinimides-derivatives, anticonvulsant effects, 
synthesis and analysis Anticonvulsants-succinimide derivatives, 
synthesis and analysis Derivatives-of succinimides, synthesis and 
analysis 


Aminooxyacetic acid is a potent anticonvulsant agent, 
but it causes convulsions at high doses. This convulsive 
tendency has been attributed to the unsubstituted amino 
group of this compound, which is very reactive with other 
groups, such as the aldehyde of pyridoxal phosphate (1). 
Two analogs of aminooxyacetic acid obtained by deriva- 
tizing its amino and carboxylic acid ends, ethyl N -  
phthalimidoxyacetate and methyl N-phthalimidoxyace- 
tate, protected chicks against experimentally induced 
seizures (2,3).  In addition, ethyl N-phthalimidoxyacetate 
lacks the convulsant property of aminooxyacetic acid but 
is a less potent anticonvulsant (2). 


With the aim of producing a very potent anticonvulsant, 
other cyclic imides were prepared, particularly hybrid 
compounds based on aminooxyacetic acid and such 
moieties that are normally associated with anticonvulsant 
properties. Accordingly, ethyl N-succinimidoxyacetate (I) 
and methyl N-succinimidoxyacetate (11) were synthesized, 
and their anticonvulsant activities were studied in the 
chick. 


RESULTS AND DISCUSSION 


The synthesis of I and I1 was achieved in a one-step, self-indicating 
reaction. A light-blue color developed initially and disappeared a t  the 
end of the reaction. The major advantage of this reaction is that it pro- 
ceeds at  room temperature, especially since the starting material, N- 
hydroxysuccinimide, is usually hygroscopic and decomposes in warm 
water (4). 


Results from preliminary pharmacological screening indicated that 
I and I1 possessed some anticonvulsant properties. Compounds I and I1 
protected young chicks against electrically and chemically induced sei- 
zures. The details of the pharmacological screening will be reported 
elsewhere. 


EXPERIMENTAL 


Melting points of the two compounds were determined by an electro- 
thermal melting-point apparatus' and are uncorrected. 


Ethyl N-Succinimidoxyacetate (1)-A solution of freshly recrys- 
tallized N-hydroxysuccinimide (1.15 g, 0.01 mole) in tetrahydrofuran 
(12 ml, 0.15 mole) was added to a mixture of ethyl bromoacetate (1.4 ml, 
0.0125 mole) and triethylamine (2.1 ml, 0.015 mole). The reaction was 


Model MF-370. A. Gallenkamp & Co. Ltd., London, England. 


0 
I: R = C,H, 


11: R = CH, 


allowed to proceed a t  room temperature for 12 hr, during which time the 
light-blue mixture became colorless. The reaction mixture was filtered, 
and the precipitate was washed with ether (5 X 20 ml). 


The combined filtrates were concentrated and the product was crys- 
tallized from ethanol to obtain 1.71 g of white fluffy flakes in an 85% yield, 
mp 80-81'; IR2 (mineral oil): 1778, 1712 (C=O for succinimide), 1748 
(C=O for ester), 1208, 1098 (C-0-C asymmetric and symmetric 
stretching for ester, respectively), -2950,2880 (C-H stretching), 1436, 
and 1372 (C-H asymmetric and symmetric deformation for CH2CH3, 
respectively) cm-'; NMR3 (CDC13): 6 2.70 (s,4H, cyclic H), 4.60 (s,2H, 
-CHz), 4.17 (q,2H, J = 6 Hz, CH2 ethyl), and 1.27 (t, 3H, J = 6 Hz, CH3 
ethyl); TLC4: hRf 56.8. 


And5-Calc. for CaHllN05: C, 47.76; H, 5.51; N, 6.96. Found C, 47.82; 
H, 5.50; N, 7.01. 


Methyl N-Succinimidoxyacetate (11)-A solution of freshly re- 
crystallized N-hydroxysuccinimide (1.15 g, 0.01 mole) in tetrahydrofuran 
(12 ml, 0.15 mole) was added to a mixture of methyl bromoacetate (1.1 
ml, 0.0125 mole) and triethylamine (2.1 ml, 0.015 mole). The reaction was 
allowed to proceed at  room temperature for 8 hr, during which time the 
light-blue mixture became colorless. The reaction mixture was filtered, 
and the white precipitate, heavily contaminated with triethylamine hy- 
drobromide, was crystallized from ethanol to  obtain 1.31 g of white 
crystals in a 70% yield. 


A second crop of 0.13 g was obtained by concentrating the filtrate, and 
the total yield was 1.44 g (77%), mp 12Ei-130'; IR (mineral oil): 1772,1706 
(C=O for succinimide), 1750 (C=O for ester), 1200, 1086 (C-0-C 
asymmetric and symmetric stretching for ester, respectively), -2950,2880 
(C-H stretching), 1440, and 1370 (C-H asymmetric and symmetric de- 
formation for CH3, respectively) cm-'; NMR (CDC13): 6 2.63 (s,4H, cyclic 
H),4.60 (~,2H,-CH2),and 3.63 (s,3H,CH3);TLC:hRf 53.7. 


Anal.-Calc. for C7HsN05: C, 44.92; H, 4.85; N, 7.48. Found: C, 45.03; 
H, 4.88; N, 7.47. 


Screening-Compounds I and I1 were screened for anticonvulsant 
properties by subjecting pretreated young chicks to electrically and 
chemically induced seizures. Maximal electroshock was delivered using 
electroshock equipment6; chemical seizures were achieved using ami- 
nooxyacetic acid, bicuculline, pentylenetetrazol, picrotoxin, and 
strychnine. 
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Table 11-Response Factors of I-IV with Respect to the  Internal 
Standard a 


Solution, YO Component Response Factor RSD, % 


100 


120 


I 
I1 


111 
IV 


I 


2.06 0.78 
1.79 0.71 
1.40 1.11 
0.99 0.64 
2.05 1.02 


~~ 


I1 1.84 1.14 
111 1.43 1.68 
IV 1.04 1.43 


Three solutions were prepared, and 18 measurements were made. 


Table 111-Precision Study of a Commercial Preparation 


Compound 
Parameter I I1 I11 IV 


Theoretical 13.3 13.3 12.5 18.3 


x (n = 8) 13.0 13.1 12.3 18.3 
content, mg/g 


RSD, % 0.75 0.76 1.2 1.2 


RESULTS AND DISCUSSION 


The recovery study was conducted by preparing a standard solution 
containing the internal standard and all of the ingredients in amounts 
as found in the commercial product. The solution was determined 10 
times. The results (Table I) show that active ingredients can be separated 
(Fig. 1) and analyzed by direct injection into the chromatograph. Even- 
tual interferences from other ingredients were investigated by preparing 


a solution that excluded the active components. The chromatogram of 
this solution showed a peak of one component7 with a retention time at 
-9.15 min, which did not interfere. Peaks of less volatile compoundss 
appeared between 25 and 28 min. Therefore, it was convenient to allow 
the instrument to run periodically for 30 min during the analysis. 


The ratios of the area per weight of substance to the area per weight 
of internal standard were calculated for the active components over a 
range of 80-120% of the label claim. Results for three solutions (80,100, 
and 120%) are reported in Table 11. Several liquid phases were tried to 
accommodate compounds of different polarity in the same chromato- 
gram. The response factors throughout the concentration range studied 
attest to the usefulness of OV-225 as the liquid phase. 


Since the procedure was planned only to determine the active ingre- 
dients contained in the alcoholic base, it appeared preferable to remove 
first the propellent from the rest of the sample a t  a temperature (4') 
where the alcoholic vapor tension was considerably reduced. The residual 
propellent was eliminated by shaking the decanted sample for 20 min. 
Precision also was examined by analyzing a production lot commercial 
preparation. Results are reproduced in Table 111. 


The method presented is reasonably fast, and precision is consistent 
with accuracy. 
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Abstract 0 The X, Y, and Z principal vibration directions along with 
the principal refractive indexes, optic angle, optical sign, birefringence, 
optical orientation, and crystal system for the low solubility compound 
5-(tetradecyloxy)-2-furancarboxylic acid were determined with a pola- 
rizing microscope and spindle stage. The X and Z principal vibration 
directions are not coincident with the a and c crystallographic axes; 
however, the Y direction is considered to be coincident with the b axis. 
Therefore, the crystal is assigned to the monoclinic crystal system. The 
bladedhath-shaped crystals rest on one of the two large orthopinacoid 
(100) faces and present the microscopist with a single plane of optical 
symmetry. A @ refractive index of 1.555 is observed with the crystal axis 
of elongation parallel to the polarizer, and a y' of -1.6W1.660 is observed 


in the contiguous extinction position. Determination of the optic angle, 
principal vibration directions, and principal refractive indexes was fa- 
cilitated by mounting the crystals on a spindle stage for rotation about 
the 6 crystallographic axis (optic normal). 


Keyphrases 0 5-(Tetradecyloxy)-2-furancarboxylic acid-optical 
characterization using a polarizing microscope and spindle stage Op- 
tical characterization-low solubility compound, 5-(tetradecyloxy)-2- 
furancarboxylic acid Crystallography-optical characterization of a 
low solubility organic compound, 5-(tetradecyloxy)-2-furancarboxylic 
acid 


Control of dosage formulation in the clinic by conven- 
tional aqueous dissolution methods was not possible with 
5-(tetradecyloxy)-2-furancarboxylic acid' (I) because of 
its poor solubility in alcohol and/or water. A high con- 
centration of surfactant and water was eventually utilized 
for the solvent, but other controls were necessary to ensure 


that changes in the crystalline structure between lots did 
not occur. Long-chain fatty acid compounds such as this 
one are well known for their polymorphic character (1). 


0 
It 


1 RMI 14,614, MerreU Research Center. 
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Table I-Outical Prouerties Obtained for  I 


Parameter Value 


1-1 100 pm 


Figure 1-Photomicrograph of Z crystals obtained with the tungsten 
filament lamp at 4 amp and 0.25-sec exposure time. No filters were used. 
Crystals were mounted in 1.460 Cargille fluid, A 115 series. 


BACKGROUND 


Some investigators (2-4) attempted to control this variable with dif- 
ferential scanning calorimetry or related thermal methods, and others 
utilized X-ray diffraction. In a few isolated reports (5-7), a combination 
of these methods, along with optical crystallographic characterizations, 
was used. 


Once the crystal is characterized, optical methods offer many advan- 
tages for routine identification of other lots. Optical values are quite 
specific for a substance, and most microscopic examinations can be 
performed with a minimum of time and effort. The number of discrimi- 
nating optical parameters that can be used is usually numerous; conse- 
quently, one or more can be selected as conditions or limitations dic- 
tate. 


An optical characterization of I is presented here and was utilized along 
with surface area measurements to control potential crystal changes. An 
X-ray diffraction profile was determined as part of the total crystal 
characterization; however, only optical methods are utilized for routine 
examination. 


Geologists and chemists have long relied on optical methods for ready 
identification and, in some cases, composition determinations of unknown 
mineral or chemical samples. Each substance has a unique atomic ar- 
rangement and, therefore, unique optical properties. Optical determi- 
native data for organic compounds are limited compared to those for 
inorganic materials; however, the data available indicate that the same 
specificity applies. 


C 


Z I 


Refractive indexes (5893A - D line 25O) 
1.470 f 0.002 
1.555 f 0.002 
1.670 f 0.002 


2 v  = 81O f 2.0 


a" 
Y 


Birefringence 0.200 
Optic axial angle (5893A - D line 25O) 
Optical axial plane 010 
Sign of double refraction Positive 
Extinction Parallel 
Crystal system Monoclinic 
Elongation sign f 


Microscopic slide mounts of unmillea I exhibited 100-500-pm lath- 
shaped crystals (Fig. 1 )  that appeared suitable for the study. By utilizing 
polarizing microscopic procedures, optical crystallographic character- 
ization of I was successfully performed. 


EXPERIMENTAL 


Compound I was obtained by crystallization from methyl ethyl ketone. 
One lot of crystals was used for the crystal characterization study, and 
other lots were examined to verify that the optical data were consis- 
tent. 


Equipment-A trinocular widefield microscope2 was fitted with a 
polarizing substage condenser, an analyzer in the body tube, strain free 
0.40 and 0.65 N.A. objectives, and a 12-v, 60-w tungsten filament lamp. 
A regulating transformer permitted the load to be varied up to a maxi- 
mum of 6 amp. Photomicrographs were obtained with a 35-mm camera2 
mounted on the vertical ocular. Film3 was 35-mm black and white with 
an ASA of 125. A second monocular, polarizing microscope2 with an ad- 
justable Bertrand lens and iris in the body tube, strain-free objectives 
up to 0.85 N.A., and a tungsten filament lamp with heat filters also was 
used. 


The stage was a simple, inexpensive device described previously (8) 
in which a crystal is attached to a spindle and rotated about a single axis 
perpendicular to the microscope axis. 


Microscopic Examination-An amount of powder adhering to the 
point of a dissecting needle was tapped onto the surface of a microscope 
slide, and the index of refraction fluid was applied with a glass applicator. 
The powder was mixed with fluid, and a cover slip was added. The slide 
was then examined with a polarized light microscope using orthoscopic 
and conoscopic optic conditions. (For an extensive and detailed de- 
scription of microscopic procedures for optical crystallographic studies, 
see Refs. 9-11 or any of the numerous publications available on the 


1.470 = a 


B = 1.555 B 


Figure 2-Optical orientation of Z in relation to its crystallographic 
axes. 


Figure 3-Orthographic projection of typical crystal of I .  


Leitz. 
Kodak PX135. 
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subject.) Spindle stage examination of crystals followed that described 
previously (8,ll).  


RESULTS AND DISCUSSION 


Preliminary orthoscopic examination revealed that the lath-shaped 
crystals (Fig. 1) exhibited a single plane of optical symmetry from which 
a single @refractive index value could be obtained. The crystals were quite 
thin, and most grains lay on the 100 orthopinacoid. 


To obtain /3 and y refractive index values, the crystals were mounted 
(Fig. 2) onto a spindle stage. The crystals were rotated on their b-axis to 
orientations that presented the principal vibration directions, and re- 
fractive index values were determined by immersion in various fluids. 


Crystals could not be oriented to provide a 010 end view, and therefore, 
a &angle could not be ,observed or measured microscopically. Subsequent 
data reported from X-ray diffraction methods gave a value of 96’. An 
orthographic projection of a typical crystal of I is shown in Fig. 3, and 
Table I presents the optical properties. 


REFERENCES 


(1) A. N. Martin, “Physical Pharmacy,” 2nd ed., Lea & Febiger, 


(2) J. Haleblian and W. McCrone, J. Pharm. Sci., 58,911 (1969). 
Philadelphia, Pa., 1973, p. 82. 


(3) Y. Matsuda, S. Kawaguchi, H. Kobayashi, and J. Nishijo, J. 


(4) E. Nuernberg and A. Werthmann, Pharm. Znd., 40, 1061 


(5) H. A. Rose,Anal. Chem., 27,1841 (1955). 
(6) W. C. McCrone, ibid., 26,1662 (1954). 
(7) J. Donnay and H. Ondik, “Crystal Data Determinative Tables, 


Vols. I & 111,” 3rd ed., US.  Department of Commerce, National Bureau 
of Standards and the Joint Committee on Powder Diffraction Standards, 
Washington, D.C., 1972 (vol. I), 1978 (vol. 111). 


Pharm. Pharmacol., 32,579 (1980). 


(1978). 


(8) R. E. Wilcox, Am. Mineral., 44,1272 (1959). 
(9) F. D. Blose, “An Introduction to the Methods of Optical Crys- 


(10) T. R.P. Gihb, Jr., “Optical Methods of Chemical Analysis,” 1st 


(11) E. E. Wahlstrom, “Optical Crystallography,” 5th ed., Wiley, New 


tallography,” Holt, Rinehart and Winston, New York, N.Y., 1961. 


ed., McGraw-Hill, New York, N.Y., 1942. 


York, N.Y. 


ACKNOWLEDGMENTS 


The author is grateful for the assistance and facilities provided by Dr. 
Harvey Sunderman, Department of Geology, University of Cincinnati, 
Cincinnati, Ohio, and for the X-ray diffraction data obtained by Dr. 
Ralph J. Hinch, Jr., Walter McCrone Associates, Chicago, Ill. 


Synthesis of Dehydroepiandrosterone Sulfatide and 
16a-Halogenated Steroids 


MAGID ABOU-GHARBIA, LAURA PASHKO, ARTHUR SCHWARTZ, and 
DANIEL SWERN 
Received December 8,1980, from the Fels Research Institute and Department of Chemistry, Temple Uniuersity, Philadelphia, PA 
19122. Accepted for publication March 5,1981. 


Abstract 0 Dehydroepiandrosterone sulfatide was prepared in a 68% 
yield by the reaction of 5-androstene-3@-01-17-one 3-sulfate (silver salt) 
with dipalmitoyl a-iodopropylene glycol. The sulfatide was found to be 
a more potent inhibitor of human glucose-6-phosphate dehydrogenase 
than d e h y d r o e p i e .  1fh-Halogenated steroids also were pre- 
pared by direct halogenation of the steroid or indirect halogenation of 
an appropriate steroidal intermediate. Among various halogenated ste- 
roids, 16a-bromoepiandrosterone was -50 times as potent as dehy- 
droepiandrosterone as an inhibitor of glucose-6-phosphate dehydroge- 
nase. 


Keyphrases Dehydroepiandrosterone sulfatide-synthesis, tested 
as glucose-6-phosphate dehydrogenase inhibitor 16a-Halogenated 
derivatives of epiandrosterone-synthesis, tested as glucme-6-phosphate 
dehydrogenase inhibitors 0 Glucose-6-phosphate dehydrogenase- 
synthesis of dehydroepiandrosterone sulfatide and 16a-halogenated 
steroids 


Of the naturally occurring steroids that had been tested, 
dehydroepiandrosterone (I) proved to be an outstanding 
noncompetitive inhibitor of glucose-6-phosphate dehy- 
drogenase (1, 2). The sulfated form of I (Ia) is a major 
adrenal secretory product in humans. Approximately 99% 
of the plasma form of this steroid is sulfated, while the 
remainder is unconjugated steroid. The plasma concen- 
tration of the sulfated form of I exceeds that of any other 
steroidal hormone, yet its biological role is unknown. (Most 
investigators refer to the conjugated form as the sul- 
fate.) 


According to Oertel and coworkers (3,4), the sulfated 
form of the hormone found in human plasma is I-sulfatide 
(II), the ester of sulfatidic acid, which must be isolated 
under extremely mild conditions because of its lability. In 


0 


HO W L v  


I 


the search for analogs of considerably higher potency than 
I or I1 in inhibiting glucose-6-phosphate dehydrogenase 
to diminish or eliminate undesirable side effects of high 
dosage dehydroepiandrosterone therapy, the sulfatide (11) 
and 16a-halogenated derivatives of epiandrosterone were 
synthesized. 


RESULTS AND DISCUSSION 


Dipalmitoyl-L-a-iodopropylene glycol (111) was prepared in an 80% 
yield by facile acylation of L-a-iodopropylene glycol with two equivalents 
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Abstract 0 Methodology for the quantitative determination of clor- 
azepate dipotassium and monopotassium in solid dosage forms was de- 
veloped. Clorazepate was resolved from its degradation products, making 
the analysis specific and stability indicating. Analytical separation was 
performed on a octadecylsilylated silica column. Clorazepate was ex- 
tracted from the dosage forms with 0.04% NaOH and chromatographed 
with aqueous 0.005 M tetra-n- butylammonium ion (pH 7.5)-acetonitrile 
(70:30) as the eluent. The analysis was completed in -20 min with a 
precision of <2.4% RSD. 


Keyphrases 0 High-performance liquid chromatography-analysis of 
clorazepate dipotassium and monopotassium in solid dosage forms 0 
Clorazepate, dipotassium and monopotassium-high-performance liquid 
chromatographic analysis, solid dosage forms 0 Tranquilizers-clor- 
azepate dipotassium and monopotassium, high-performance liquid 
chromatographic analysis, solid dosage forms 


In the past, clorazepate (I) primarily was determined 
chromatographically as its primary degradation product 
and major metabolite nordiazepam (11). Clorazepate de- 
carboxylates to give nordiazepam; in aqueous systems (pH 
2-11), the transformation is unimolecular with respect to 
clorazepate. Nordiazepam can undergo further metabolic 
transformations to oxazepam and the glucuronide in urine 
(1). 


GLC has been used extensively (2-6) for the analysis of 
clorazepate as nordiazepam in biological fluids. Similarly, 
nordiazepam has been determined in plasma and urine by 
high-performance liquid chromatography (HPLC) in both 
reversed-phase (7-11) and normal-phase (12, 13) chro- 
matographic modes. 


Recently, a reversed-phase HPLC system for the qual- 
itative identification of clorazepate in oral dosage forms 
was reported (14). With aqueous phosphate buffer (pH 8) 
and methanol (1:2 and 3:4) as the eluent, clorazepate was 
chromatographed intact on an octadecylsilylated column 
both with and without tetra-n- butylammonium ion (0.005 
M )  as an ion-pairing counterion. This paper reports the 
quantitation of clorazepate in its dosage forms by a similar 
procedure used in these laboratories for several years. The 
procedure has been applied to eight formulations of 
clorazepate (monopotassium and dipotassium), both cap- 
sules and tablets, and is specific and stability indicating. 


EXPERIMENTAL 


Reagents and Chemicals-Acetonitrile', tetra-n- butylammonium 
hydroxide2, phosphoric acid3, and sodium hydroxide4 were used as re- 
ceived. 2,6-Dirneth~laniline~ was converted to the hydrochloride by 
acidification of a hexane4 solution of the amine (10% v/v) with concen- 
trated hydrochloric acid6. The precipitated amine salt was filtered, 
washed with hexane, and dried for use as the internal standard. Distilled 
water was used for all aqueous reagent and mobile phase preparations. 


Apparatus-The liquid chromatograph consisted of a pump7, a 
loop-type injectors, a variable-wavelength UV detectorg, and a re- 
corder/data handling systemlo for quantitative work. The 30-cm X 4-mm 
i.d. column contained an octadecylsilylated silica material". 


Mobile Phase-A 0.005 M aqueous solution of tetra-n- butylammo- 
nium ion was prepared from 5.0 ml of tetra-n- butylammonium hydroxide 
in 1 liter of water, and the pH was adjustedI2 to 7.5 with phosphoric acid. 
The mobile phase was prepared by diluting 300 ml of acetonitrile to 1 liter 
with 0.005 M tetra-n-butylammonium-ion solution. The eluent was fil- 
tered13 through a 0.45-pm membrane filter14, stirred magnetically, and 
degassed under vacuum. 


Chromatographic Conditions-The temperature was ambient, and 
the flow rate was -1.8 ml/min. The detector sensitivity was set at 0.2 au 
(230 nm). The injector loop size was 20 pl, and the chart speed was 0.2 
cm/min. 


Sample Solvent-Sodium hydroxide (0.04% w/v) was filtered13 
through a 0.45-pm membrane filter14. 


Internal Standard-2,6-Dimethylaniline hydrochloride (30 mg) was 
dissolved in, and diluted to 100.0 ml with, the sample solvent. 


Reference Standard-A solution containing 50-60 pg of clorazepate 
reference standard15/ml was prepared by dissolving it in, and diluting 
appropriately with, the sample solvent. An ultrasonic water bath16 was 
employed to aid dissolution. A 5.0-ml portion of this solution and 2.0 ml 
of the internal standard solution were diluted to 10.0 ml with the sample 


Distilled-in-glass, Burdick & Jackson Laboratories, Muskegon, Mich. * Titration grade, 1.0 M in methanol, Southwestern Analytical Chemicals, 


3 Reagent grade (85%), J. T. Baker Chemical Co., Phillipsburg, N.J. 


6 Baker analyzed, J. T. Baker Chemical Co., Phillipsburg, N.J. 


Austin, Tex. 


AR grade, Mallinckrodt, Paris, Ky. 
Eastman Organic Chemicals, Rochester, N.Y. 


Model M6000A, Waters Associates, Milford, Mass. 
Model 7120, Rheodyne, Berkeley, Calif. 
Model 450, Waters Associates, Milford, Mass. 


lo Model 3385A, Hewlett-Packard Corp., Rolling Meadows, Ill. 
l1 pBondapak Cis, Waters Associates, Milford, Mass. 
l2 Model 10 pH meter, Corning Scientific, Medfield, Mass. 
l3 Millipore Corp., Bedford, Mass. 
l4 Flotronics Division, Selas Corp., Huntingdon Valley, Pa. 
l5 Clorazepate dipotassium (lot 72-307-CA) or clorazepate monopotassium (lot 


64-922-AL), House Reference Standards, Abbott Laboratories, North Chicago, 
Ill. 


l6 Bransonic 32, Branson Cleaning Equipment Co., Shelton, Conn. 
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Figure 1-Chromatogram of 
a mixture of 49.8 pg of clo- 
razepate (I)lml, 2.25 pg of 
nordiazepam (II)lml,  and 
2.16 pg of 2-amino-5-chloro- 
benzophenone (III)lml (a a t  
2.0 ml lmin  and b at 3.0 ml l  


8, min). 
111 L. ,. 


5 15 25 35 45 55 
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solvent, giving 25-30 pg of clorazepate/ml and 60 pg of internal stan- 
dardlml in the final solution. 


Sample Preparation-Sample preparations were similar for all 
dosage forms but varied slightly between capsule and tablet formula- 
tions. 


Clorazepate Capsules-The average capsule fill weight was deter- 
mined by weighing 20 filled capsules, emptying the contents as completely 
as possible, and reweighing the emptied shells. 


Four capsules then were weighed, the contents were transferred to a 
250-ml volumetric flask, and the emptied shells were reweighed to obtain 
the sample weight. Approximately 200 ml of the sample solvent was 
added, and the flask was placed in an ultrasonic bath16 for 5 min. The 
sample was diluted to volume with the sample solvent and mixed. A 
portion of the sample then was filtered17 through a 0.4-0.5-pm membrane 
filter1* and diluted according to dose strength with the sample solvent 
as follows: 3.0-3.75 mg, no dilution; 6.5-7.5 mg, 25.0 ml to 50.0 ml; and 
13-15 mg, 25.0 ml to 100.0 ml. A 5.0-ml portion of the last solution and 
2.0 ml of the internal standard solution were diluted with the sample 
solvent to 10.0 ml. 


Clorazepate Tablets-The number of tablets equivalent to 112.5 mg 
(for 11.25- and 22.5-mg tablets) or 75 mg (for 3.75-, 7.5-, and 15.0-mg 
tablets) of clorazepate dipotassium were placed in a 500-ml tall form 
beaker, and 200.0 ml of the sample solvent was added. The sample then 
was homogeni~ed'~ at  -6000 rpm for 3.0 min. A portion of the blended 
solution was filteredI7 through a 0.4-0.5-pm membrane filterls and di- 
luted according to dose strength with the sample solvent as follows: 11.25 
and22.5mg,5.0mlto50.0ml;and3.75,7.5,and 15.0mg,15.0mlto100.0 
ml. A 5.0-ml portion of the last solution and 2.0 ml of the internal stan- 
dard solution were diluted with the sample solvent to 10.0 ml. 


Analysis and Calculation-Twenty microliters of both the standard 
and sample preparations were injected. Normal run time was -20 min 
since nordiazepam sometimes can be observed at  14-16 min. Multiple 
standard preparations were analyzed, and their response (R, )  was aver- 
aged for calculation purposes: 


(Eq. 1) 


where A1 is the peak area of clorazepate, Az is the peak area of the internal 
standard, and C is the concentration of clorazepate in the standard 


H 


I: R = COOK (monopotassium) 
1-KOH: R = COOK-KOH (dipotassium) 


11: R = H 


l7 Swinnex 25, Millipore Corp., Bedford, Mass. 
ls A 25-mm polycarbonate membrane, Nuclepore Corp., Pleasanton, Calif. 
19 Polytron homogenizer, Brinkmann Instruments, Westbury, N.Y. 


. 


Figure 2-Typical chromatogram 
of a sample preparation. Key: 1, 
dorazepate and 2,  internal stnn- 
dard. 
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(milligrams per milliliter). 
For capsules: 


mg of clorazepate - W 
capsule - k)ap, X R, X 500 X DF X -2 WZ (Eq. 2) 


where DF is the appropriate dilution factor from the procedure and WI 
and W:! are the average capsule fill weight and individual sample weight, 
respectively, in milligrams. 


For tablets: 
mg of clorazepate - DF - # XR,  X 400X- 


tablet SPl N (Eq.3) 


where N is the number of tablets used in the sample preparation. 


RESULTS AND DISCUSSION 


Clorazepate (I) decarboxylates readily to give nordiazepam (11) as the 
primary degradation product. Further acidic hydrolysis produces 2- 
amino-5-chlorobenzophenone (111). Other minor degradation products 
have been observed but a t  such low levels as to not be of concern in this 
assay. 


HPLC provided the technique by which clorazepate could be separated 
from its degradation products for quantitation. With an octadecylsil- 
ylated stationary phase and methanol-water mixtures, poor peak shapes 
and retention were obtained for clorazepate. However, clorazepate 
chromatographed well when an eluent containing aqueous tetra-n- bu- 
tylammonium ion (pH 7.5) and acetonitrile was employed. The use of 
tetra-n-butylammonium ion in the HPLC of weakly acidic species was 
previously reviewed (15, 16). 


Figure 1 shows a chromatogram of clorazepate, nordiazepam, and 2- 
amino-5-chlorobenzophenone mixture under chromatographic conditions 
similar to those described here. Clorazepate was resolved from its deg- 
radation products, making the assay both specific and stability indi- 
cating. 


The sample solvent (0.04% NaOH) was chosen to improve the stability 
of the clorazepate solutions during the time required to perform the 
analysis. A t  the pH of this solvent (-11.3), clorazepate was stable for a t  
least 3-4 hr, after which time a gradual decline in the assay value was 
observed. Samples for analysis were prepared and analyzed within a few 
hours. 
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Table I-Clorazepate Analysis in Dosage Forms 


c 


Formulation 
Standard Addition 


Dose, mg Recovery, 
Precision 


RSD, % mg f SD - 
Clorazepate monopotassium capsules 3.25 3.38 f 0.05 1.52 


6.25 97.9-100.2 6.49 f 0.07 1.09 
13.0 12.82 f 0.18 1.42 


Clorazepate dipotassium capsules 
A 3.0 97.9-101.5 2.95 f 0.07 2.36 
B 3.75 


C 


D 
E 


Clorazepate dipotassium tablets 


7.5 
15.0 
3.75 
7.5 


15.0 
7.5 
7.5 


11.25 
22.5 
3.75 
7.5 


15.0 


96.3-100.5 


98.8-102.1 


98.9-101.0 
100.7-101.2 
99.7-100.4 


98.7-102.1 


7.56 f 0.12 
14.78 f 0.25 


7.19 f 0.09 


7.49 f 0.09 
7.30 f 0.11 


10.98 f 0.09 
22.01 f 0.27 
3.68 f 0.02 
7.67 f 0.05 


15.06 f 0.18 


1.64 
1.71 


1.32 


1.18 
1.50 
0.84 
1.25 
0.51 
0.68 
1.21 


Clorazepate reference standard. 


All samples analyzed in this work were routine research and quality 
assurance samples from in-house sources. A typical chromatogram for 
the analysis of a formulation is presented in Fig. 2. Nordiazepam some- 
times was observed as a very small peak at -1616 min, in which case the 
total analysis time was -20 min. The long retention time of nordiazepam 
prevented its quantitation under these conditions a t  the normally low 
levels (<la) encountered in the formulations. 2-Amino-5-chlorobenzo- 
phenone and other related impurities were present a t  such low levels as 
not to be observed a t  all. 


Figure 3 is a chromatogram of a sample that had been intentionally 
degraded a t  elevated temperature. The intact clorazepate assay was 
15.5%. A large peak also was observed for nordiazepam, indicating that 
this procedure detects decomposition and is stability indicating. 


Linearity-A plot of the ratio of the clorazepate peak area to the in- 
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Figure  3-Chromatogram 
for the analysis of a sample 
artificially degraded under 
accelerated conditions. Key: 
1,  clorazepate; 2, internal 
standard; and 3, nordi- 
azepam. 


ternal standard peak area uersus the clorazepate concentration in the 
solution was linear to at least 0.3 mg/ml and passed essentially through 
the origin ( r  > 0.999). The analytical concentration of clorazepate was 
0.025-0.030 mg/ml. 


Recovery-A known amount of clorazepate was added to the various 
formulations to check the recovery of standard additions. Additions a t  
50,100, and 150% of label claim were added to a t  least one dose strength 
within each formulation. Weighed amounts of clorazepate standard were 
added to either placebo formulations or previously assayed dosages 
containing the active ingredient. The preparations then were analyzed 
as described (Table I). Recoveries ranged from 96.3 to 102.1%. 


Precision-Analytical precision for clorazepate was determined by 
replicate analysis of 10 individual sample preparations on two separate 
days (Table I). Different analysts also were involved in some cases. The 
relative standard deviations ranged from f0.51 to f2.36%. 
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Abstract Commercial bottles containing chlorhexidine gluconate 
(antimicrobial skin cleanser), whether exposed to room atmosphere or 
experimentally inoculated with Staphylococcus aureus, Pseudornonas 
aeruginosa, Pseudomonas cepacia, and Proteus mirabilis, did not exhibit 
microbial growth. 


Keyphrases Chlorhexidine gluconate-antimicrobial activity, sim- 
ulation of natural and artificial contamination Antimicrobial 
agents-chlorhexidine gluconate, simulation of contamination 0 Skin 
cleanser-chlorhexidine gluconate, antimicrobial activity, simulation 
of contamination 


Chlorhexidine gluconate has broad-spectrum antimi- 
crobial activity against bacteria and several fungi (1-3). 
Although the antimicrobial activity of chlorhexidine when 
used on human skin is well documented, knowledge about 
bacterial contamination of commercial preparations 
during in-use conditions is lacking (4-6). 


The present study was designed to determine the po- 
tential for bacterial contamination of a commercial chlor- 
hexidine gluconatel skin cleanser by repeated exposure of 
opened bottles to room atmosphere over a prolonged pe- 
riod and to determine the potential for survival or growth 
of bacteria after repeated bacterial challenges with 
Staphylococcus aureus,  Pseudomonas aeruginosa, 
Pseudomonas cepacia, and Proteus mirabilis. The test 
organisms were identified by cultural and biochemical 
reactions (7). Bottle-to-bottle transfers of the preparation 
were made to reflect certain in-use situations where re- 
sidual product left in a used bottle is mixed with fresh 
product. 


EXPERIMENTAL 


Environmental Contamination-Standard commercial bottles 
containing -946 ml of the antimicrobial skin cleanser, tested and found 
free of contamination, were exposed to room atmosphere for 6 months 
by removing the tops daily and shaking for 5 min. Samples were taken 
weekly for the first 2 months and then at monthly intervals. 


Two methods were utilized for determining bacterial contamina- 
tion: 


1. A 1-ml sample from each bottle was removed, diluted in trypticase 
soy broth containing 10% polysorbate SO2 and 3% soy pho~phatides~ 
(neutralizer), and cultured on tryptic soy agar (containing 1% neutralizer). 
Culture plates were incubated at 37’ for 48 hr. 


2. A 20-ml aliquot was mixed with 250 ml of trypticase soy broth 
containing 0.3% neutralizer and then passed through a 0.45-wm filter disk. 
One-half of the filter was transferred to trypticase soy broth and the other 
half to thioglycollate broth. After 24 hr of incubation at 37O, 1 ml of each 
broth was cultured on tryptic soy agar. 


Experimental Contamination with S. aureus, P. mirabilis, Ps. 
aeruginosa, and Ps. cepacia-For a given test organism, the experi- 
mental contamination procedure comprised seven bacterial challenges 


1 Hibiclins, ICI America. 
2 Tween 80, Sigma Chemical Co. 
3 Asolectin, Woodside, N.Y. 


and three bottle-to-bottle transfers over 25 weeks. A commercial bottle 
(Bottle 1) of the chlorhexidine gluconate preparation, previously tested 
and found to be free of bacteria, was challenged (C-1). The bottle contents 
were mixed, and the aliquots were tested at 10 min and after 1 week Gust 
before C-2) for bacterial growth. Aliquots (25 ml) were removed uia the 
delivery spout of the bottle, employing a hand pump to simulate in-use 
conditions, and were cultured for environmental contamination. The 
bottle then was challenged as before (C-2, 1 week). The aliquots were 
tested at 10 min and after 1 week (just before C-3) for bacterial growth. 
This contamination and testing for bacterial growth were repeated at  2 
(C-3) and 3 (C-4) weeks. Challenge 5 (4 weeks) was performed as de- 
scribed, and the aliquot was tested for bacterial growth at  10 min only. 


A t  this point, periodic bottle-to-bottle transfers of the preparations 
were begun to mimic certain in-use conditions, where fresh product was 
poured into a previously used bottle containing residual product with 
1 ml containing 106 viable bacteria (for a final concentration of lo3 bac- 
teria/ml in the commercial bottle). 


First Transfer (4 Weeks)-Forty milliliters from Bottle 1 was 
transferred aseptically into a new bottle (Bottle 21, previously tested and 
found free of bacteria. The aliquot was tested after 1 week (just before 
C-6) for bacterial growth. Bottle 2 was challenged ((2-6, 5 weeks). The 
aliquot was tested at 10 min and also after 4 weeks (just before the second 
bottle-to-bottle transfer) for bacterial growth. 


Second Transfer (9 Weeks)-Forty milliliters from Bottle 2 was 
transferred aseptically to a new bottle (Bottle 3). The aliquot was tested 
after 4 weeks (just before C-7) for bacterial growth. Bottle 3 was chal- 
lenged (C-7, 13 weeks). The aliquot was tested at  10 min and also after 
4 weeks (just before the third bottle-to-bottle transfer) for bacterial 
growth. 


Third Transfer (17 Weeks)-Forty milliliters from Bottle 3 was 
transferred to a new bottle (Bottle 4). The aliquot was tested for bacterial 
growth after 8 weeks, concluding a total period of 25 weeks from the initial 
challenge. 


RESULTS AND DISCUSSION 


No contamination was noted at the start of the study or after 5-min 
daily exposures and shaking of the product at room atmosphere for the 
6-month duration of the environmental contamination. Delivery spouts 
of the bottles were cultured with a swab and were free of bacterial con- 
tamination. 


Bottles of the products contaminated experimentally with S. aureus, 
P. mirabilis, Ps. aeruginosa, or Ps. cepacia were examined for 6 months 
for bacterial growth and were not contaminated. Delivery spouts also were 
free of bacterial contamination. 


Chlorhexidine has excellent antimicrobial activity against Gram- 
positive and Gram-negative bacteria (1-6). Due to its broad-spectrum 
antimicrobial activities, chlorhexidine preparations have become widely 
used for disinfection. 
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subject.) Spindle stage examination of crystals followed that described 
previously (8,ll).  


RESULTS AND DISCUSSION 


Preliminary orthoscopic examination revealed that the lath-shaped 
crystals (Fig. 1) exhibited a single plane of optical symmetry from which 
a single @refractive index value could be obtained. The crystals were quite 
thin, and most grains lay on the 100 orthopinacoid. 


To obtain /3 and y refractive index values, the crystals were mounted 
(Fig. 2) onto a spindle stage. The crystals were rotated on their b-axis to 
orientations that presented the principal vibration directions, and re- 
fractive index values were determined by immersion in various fluids. 


Crystals could not be oriented to provide a 010 end view, and therefore, 
a &angle could not be ,observed or measured microscopically. Subsequent 
data reported from X-ray diffraction methods gave a value of 96’. An 
orthographic projection of a typical crystal of I is shown in Fig. 3, and 
Table I presents the optical properties. 
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Abstract 0 Dehydroepiandrosterone sulfatide was prepared in a 68% 
yield by the reaction of 5-androstene-3@-01-17-one 3-sulfate (silver salt) 
with dipalmitoyl a-iodopropylene glycol. The sulfatide was found to be 
a more potent inhibitor of human glucose-6-phosphate dehydrogenase 
than d e h y d r o e p i e .  1fh-Halogenated steroids also were pre- 
pared by direct halogenation of the steroid or indirect halogenation of 
an appropriate steroidal intermediate. Among various halogenated ste- 
roids, 16a-bromoepiandrosterone was -50 times as potent as dehy- 
droepiandrosterone as an inhibitor of glucose-6-phosphate dehydroge- 
nase. 


Keyphrases Dehydroepiandrosterone sulfatide-synthesis, tested 
as glucose-6-phosphate dehydrogenase inhibitor 16a-Halogenated 
derivatives of epiandrosterone-synthesis, tested as glucme-6-phosphate 
dehydrogenase inhibitors 0 Glucose-6-phosphate dehydrogenase- 
synthesis of dehydroepiandrosterone sulfatide and 16a-halogenated 
steroids 


Of the naturally occurring steroids that had been tested, 
dehydroepiandrosterone (I) proved to be an outstanding 
noncompetitive inhibitor of glucose-6-phosphate dehy- 
drogenase (1, 2). The sulfated form of I (Ia) is a major 
adrenal secretory product in humans. Approximately 99% 
of the plasma form of this steroid is sulfated, while the 
remainder is unconjugated steroid. The plasma concen- 
tration of the sulfated form of I exceeds that of any other 
steroidal hormone, yet its biological role is unknown. (Most 
investigators refer to the conjugated form as the sul- 
fate.) 


According to Oertel and coworkers (3,4), the sulfated 
form of the hormone found in human plasma is I-sulfatide 
(II), the ester of sulfatidic acid, which must be isolated 
under extremely mild conditions because of its lability. In 


0 


HO W L v  


I 


the search for analogs of considerably higher potency than 
I or I1 in inhibiting glucose-6-phosphate dehydrogenase 
to diminish or eliminate undesirable side effects of high 
dosage dehydroepiandrosterone therapy, the sulfatide (11) 
and 16a-halogenated derivatives of epiandrosterone were 
synthesized. 


RESULTS AND DISCUSSION 


Dipalmitoyl-L-a-iodopropylene glycol (111) was prepared in an 80% 
yield by facile acylation of L-a-iodopropylene glycol with two equivalents 
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CH,-(CHZ),-C-O-C-(CH~- CH3 
IV (15%) 


Scheme I 


of palmitoyf chloride in the presence of triethylamine (Scheme 1). Re- 
action of carboxylic acid halides in the presence of triethylamine has been 
found (5,6) to involve two pathways, an elimination pathway (a) involving 
a ketene intermediate and a substitution route (b) involving an acyl 
ammonium salt intermediate. The product palmitic anhydride (IV) also 
was isolated in a 15% yield. When quinoline was used instead of trieth- 
ylamine, as suggested in the literature (7), only 67% of the diglyceride, 
in addition to 25% of palmitic acid, was formed after a reaction time of 
7 days. 


Dehydroepiandrosterone sulfatide (11) was then prepared in a 68% yield 
by alkylation of the sulfate (silver salt) (Ib) with the iododiglyceride (111) 
in dry benzene (Scheme 11). The sulfatide (11) was found to be a more 
potent inhibitor of human glucose-6-phosphate dehydrogenase than Ia 
itself. It is a labile material and decomposes readily within a few days, 
even at  -5O, to the sulfate with loss of biological activity. 


The fact that a-subtitution at the C-16-pOsition enhancea biological 
activity of certain steroids, coupled with the intention to fmd more potent 
and stable compounds, led to the preparation of 16a-halo derivatives of 
epiandrosterone (8-10). 16a-Chloro, bromo, and fluoro derivatives were 
prepared from epiandrosterone according to reaction sequence shown 
in Scheme 111. 


Treatment of epiandrosterone with isoamyl nitrite in basic medium 
afforded 16-oximino-17-ketone (V). The observed melting point, 21% 
219', does not agree with the value of 245-247' reported by Mateos et 
al. (11) but is in agreement with that reported earlier by Huffman and 
Lott (12). IR spectra and elemental analyses of V were consistent with 
the structure shown, 


Treatment of V with sodium hydroxide, ammonia, and sodium hypo- 
chlorite (11,13-15) yielded the yellow 16-diazo compound (VI), which, 
upon treatment with the appropriate hydrogen halide (hydrochloric, 
hydrobromic, and hydrofluoric acids) afforded the corresponding col- 
orless 16a-halo derivative. Hydriodic acid, however, reduced the diazo 
compound to epiandrosterone. The 16a-configuration was established 
by comparing the melting points of the products with those reported in 
the literature (16-20) and by independent synthesis. 


The l6a-fluoro derivative was also prepared (but in only a 28% yield) 
by a halogen-exchange technique by refluxing the corresponding bromo 
derivative (VIIa) with five equivalents of anhydrous silver fluoride in 
toluene-isopropanol for 48 hr. The 16a-bromo derivative (Wa) was 
independently prepared in a 6O?h yield by refluxing epiandrwterone with 
cupric bromide in methanol for 24 hr (17). 


The l6a-iodo derivative (VIId) was prepared by direct iodination of 
the enol diacetate (VIII) with iodine in the presence of mercuric acetate 
or with N-iodosuccinimide, followed by hydrolysis of the 3fl-acetoxy 
derivative (IX) with concentrated hydrochloric acid (Scheme IV). Overall 
yields of VIII to VIId were 89%. 


16a-Iodo steroids were first synthesized in 1973 uia the 17-bromo- 
16,17-epoxy derivative or by a halogen-exchange procedure (16). The 
current procedure is more convenient since the starting materials are 
commercially available and yields are higher. 


Contrary to expectation, VIIa was the most active halogenated de- 
rivative of the four; it is -50 times as active as dehydroepiandrosterone 
in inhibiting glucose-6-phosphate dehydrogenase in mouse and human 


0 


m 
Scheme 11 


red blood cells. Compound VIIa is also--50 times as active in antagonizing 
the 0-tetradecanoylphorbol acetate-induced stimulation in the rate of 
DNA synthesis in mouse skin. A dose of 0.4 mgbg ip of VIIa is about as 
active as 20 mg of dehydroepiandrosteronebg. 


Compounds VIIb and VIId were less active than VIIa; VIIc was inac- 
tive. 


EXPERIMENTAL' 
Dipalrnitoyl-L-a-iodopropylene Glycol (111)-All apparatus was 


flame dried; strictly dry conditions were used throughout the study. To 
a stirred solution of dry, redistilled triethylamine (3.64 ml, 26 mmoles) 
and L-a-iodopropylene glycol (2.7 g, 13.5 mmoles) in dry chloroform (15 
ml) at O', a solution of palmitoyl chloride (7.42 g, 26 mmoles) in n-pentane 
(50 ml) was added dropwise. The reaction mixture was then stirred for 
3 hr at O', and the precipitated triethylamine hydrochloride was removed 
by filtration. The solvent was evaporated from the filtrate under reduced 
pressure, and the residual solid was digested with hot absolute methanol. 
The insoluble material was filtered and recrystallized from acetone to 
afford 1.92 g (15% yield) of the by-product palmitic anhydride (IV), mp 
61-63'; IR (KBr): Y, 1745 and la00 cm-' [-C(=O)-0-(C4)-1. 


The hot methanol filtrate was cooled, and the solid that precipitated 
was separated by filtration and recrystallized from petroleum ether (bp 
30-60°)-methanol (1:l) to afford 7.4 g (80% yield) of the diglyceride 
(III), mp 46-48'; IR (KBr): urnax 1730 and 1745 cm-' [-0-C(4)-1; 
'H-NMR (CDClS): 6 0.65-1.10 (t, 6H), 1.1-2.00 (m, 52H), 2.20-2.45 (m, 
4H), 3.30 (d, 2H), 4.2-4.35 (d, 2H), and 4.9-5.2 (q,lH). 


H, 10.04; I, 18.58. 
Ad.-Calc. for CsHcJOo4: C, 61.92; H, 9.94; I, 18.69. Found: C, 61.96; 


potassium tert- 
butoxide 


t 


HO A u  isoamyl nitrite 
H+ 


0 
N-OH 


NaOH 
w 


HO J V k J  
V 


0 


NH,OH; NaOCl 


0 


+ N2 


HO 
VI VIIa: X = Br 


VIIb: x = c1 
VIIc: X = F 


Scheme 111 


Melting points were determined on a Thomas-Hoover Unimelt apparatus and 
are uncorrected. IR spectra were recorded on a Unicam SP-loo0 spectrophotometer. 
The 'H-NMR spectra were determined using an XL-100 instrument and tetra- 
methylsilane as the internal standard. Elemental analyses were performed by 
Galbraith Laboratories, Knoxville, Tenn. 
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Replacement of triethylamine by quinoline was unsatisfactory; the 
yield of 111 was only 67% after 7 days of reaction time. Palmitic acid was 
obtained in a 25% yield; it was separated as its sodium salt by neutral- 
ization with sodium carbonate solution. The acid was reeenerated bv 
acidification with 6 N HCl, mp 5660'; IR (KBr): urn, 1700 cmZi 
I-C(=O)-OHl. . .  


Dehydroepiandrosterone Sulfatide (11)-A mixture of the diglyc- 
eride 111 (0.37 g, 0.54 mole) and dehydroepiandrosterone sulfate silver 
salt (0.28 g, 0.860 mmole) (Ib) was refluxed in dry benzene (15 ml) for 2 
hr. Silver iodide was separated by filtration while hot and washed with 
dry benzene (10 ml), and the combined benzene filtrates were evaporated 
to dryness under reduced pressure. The residual yellow solid was washed 
with cold petroleum ether and dried, mp 66-68', yield 68%; IR (KBr): 
vmax 1730 and 1745 cm-' [[-0-C(=O)-] and cyclic O=C-); 'H-NMR 
(CDC13): absence of signal at 6 3.3 for I11 and appearance of signal a t  6 
4.45 (m, lH, vinylic). 


Anal.-Calc. for C54HwOgS: C, 70.85; H, 9.90. Found: C, 70.81; H, 
9.43. 
Androstan-3~-ol-l6-oximino-l7-one (V)-To a fresh solution of 


potassium tert-butoxide, prepared from potassium (3.8 g, 100 mmoles) 
and anhydrous tert-butyl alcohol (120 ml), epiandrosterone (3.6 g, 12.4 
mmoles) was added with vigorous stirring. The mixture was refluxed 
under nitrogen until a clear yellow solution was obtained and then cooled, 
and isoamyl nitrite (6.3 ml) was added over 2 hr. The reaction mixture 
was poured into water (1 liter), acidified with 6 N HC1, and then stored 
at  5' overnight. The separated crude ketooxime (V) was filtered, washed 
with water, and recrystallized from methanol to afford 3.0 g (68% yield) 
of V, mp 218-219' [lit. (11) mp 245-247' and (12) mp 218-219"]; IR 
(KBr): v,, 1630 (C=N), 1740 (CEO), 3200 (N-OH), and 3400 (OH) 
cm-1. 


Anal.-Calc. for C19H29N03: C, 71.43; H, 9.15; N, 4.38. Found C, 71.18; 
H, 9.32; N, 4.30. 
5a-Androstan-3fl-hydroxy-16a-bromo-17-one (VI1a)-Compound 


VIIa was prepared in a 60% yield by bromination of epiandrosterone with 
cupric bromide and in a 72% yield from the diazoketone (VII) following 
reported procedures (ll), mp 156160' [lit. (11) mp 164-165'1; IR (KBr): 
v,, 1740 (C=O) and 3400 (OH) cm-l. 


Anal.-Calc. for C19HzgBr02: C, 61.78; H, 7.79 Br, 21.69. Found: C, 
61.60; H, 8.01; Br, 21.87. 
5a-Androstan-3fl-hydroxy-16a-ch1oro-17-one (VII b)-Compound 


VIIb was prepared in a 70% yield from the diazoketone (VI) following a 
reported procedure, mp 178-180' [lit. (11) mp 170-171']; IR (KBr): v,, 
1750 (C=O) and 3450 (OH) cm-'. 
5a-Androstan-3fl-hydroxy-16a-fluoro-17-one (VI1c)-Compound 


VIIc was prepared in a 20% yield from the diazoketone (VI) and pyri- 
dine-hydrofluoric acid and in a 28% yield by refluxing VIId with five 
equivalents of anhydrous silver fluoride in toluene-isopropanol (3:l) for 
48 hr, mp 177-179'; IR (KBr): Y,, 1760 (C=O) and 3400 (OH) cm-'; 
mass spectra: ml2 308 (M+, mlz calc. 308). 


Anal.-Calc. for C19HzsFOz: F, 6.15. Found F, 5.87. 
5a-Androstan-3~-hydroxy-l6a-iodo-17-one (VIM)-Method 


A (21)-To a stirred solution of the enol diacetate (VIII) (20) (496 mg, 


IX 
Scheme IV 


1.3 mmoles) in acetic acid (18 ml) containing mercuric acetate (10 mg), 
iodine (580 mg) dissolved in  acetic acid (20 ml) was added over 2 hr. 
Stirring was continued for an additional hour, and the mixture was then 
poured into cold water (50 ml) and extracted with chloroform. The extract 
was washed successively with aqueous potassium iodide, sodium bicar- 
bonate, and water. Evaporation of the chloroform afforded 481 mg (8% 
yield) of VIId, mp 170-172' [lit. (16) mp 173-175'1; IR (KBr): vm, 1730 
(C=O) and 3450 (OH) cm-l. 


Anal.-Calc. for C19H29102: C, 54.80; H, 7.02; I, 30.48. Found C, 55.17; 
H, 7.00; I, 30.77. 


Method B-N-Iodosuccinimide (0.2 g, 0.88 mmole) was added to  a 
solution of the enol diacetate (VIII) (200 mg, 0.53 mmole) in dioxane (15 
ml); after slight warming to ensure complete dissolution, the reaction 
mixture was left in the dark for 24 hr. Potassium iodide solution was 
added to the reaction mixture, followed by excess 10% aqueous sodium 
thiosulfate solution. The reaction mixture was extracted with chloroform, 
dried, and evaporated. The white solid residue was recrystallized from 
methanol-ether to afford 208 mg (86% yield) of the 3/!?-acetoxy-16a-iodo 
derivative (IX), mp 147-148' [lit. (16) mp 144--147O]; IR (KBr): u,, 1735 
[O-C(=O)-CH3] and 1740 (C=O) cm-1. To a solution of 250 mg of IX 
in methanol (10 ml) at  room temperature, 37% HCI(1 ml) was added. 
After the mixture stood at  room temperature overnight, VIId was sepa- 
rated by filtration, mp 170-172' (mixed melting point with sample pre- 
pared by Method A showed no depression). 


REFERENCES 


(1) A. G. Schwartz, Cancer Res., 39,1129 (1979). 
(2) P. H. Marks and J. Banks, Proc. Natl. Acad. Sci., USA, 46,447 


(3) G. W. Oertel and P. Benes, J. Steroid Biochem., 3,493 (1972). 
(4) P. Benes, M. Scbirazi, and G. W. Oertel, Steroids Lipids Res.,4, 


(5) W. E. Truce and P. S. Bailey, Jr., J.  Org. Chem., 34, 1341 


(1960). 


285 (1973). 


(1969). 
\ - -  --, 


(6) W. E. Truce, R. N. B a y ,  and P. S. Bailey, Jr., Tetrahedron Lett., 
1968,5651. 


(7) N. Z. Stanacev and M. Kates, Can. J .  Biochem. Phys., 38,297 


(8) G. P. Bueller, W. F. Johns, D. L. Cook, and R. A. Edgren, J. Am. 


(9) G. P. Mueller and W. F. Johns, J. Org. Chem., 26,2403 (1961). 
(10) R. Ranieri and H. R. Levy, Biochemistry, 9,2234 (1970). 
(11) J. L. Mateos, 0. Chao, and H. Flores, Tetrahedron, 19, 1051 


(12) M. N. Huffman and M. H. Lott, J.  Bid. Chem., 207, 431 


(13) M. 0. Forster, J. Chem. SOC., 107,260 (1915). 
(14) M. P. Cava and E. Moroz, J.  Am. Chem. SOC., 84,115 (1962). 
(15) J. Meinwald, G. G. Curtis, and P. G. Gassman, ibid., 84, 116 


(1960). 


Chem. Soc., 80,1769 (1958). 


(1963). 


(1954). 


(1962). 


1156 I Journal of Pharmaceutical Sciences 
Voi. 70, No. 10, October 1981 







(16) P. Catsoulacos and A. Hassner, Bull. SOC. Chim., 2,717 (1973). 
(17) E. R. Glazier, J. Org. Chem., 27,2937 (1962). 
(18) C. W. Shoppee, R. H. Jenkins, and G. H. R. Summer, Collect. 


(19) J. Fajkos and F. Sorm, ibid., 24,766 (1959). 
(20) E. R. Glazin, J. Org. Chem., 27,4397 (1962). 
(21) N. S. Leeds, D. K. Fukushima, and T. F. Gallagher, J.  Am. Chem. 


Czech. Chem. Commun., 23,3049 (1958). 


SOC. 76,2943 (1954). 


ACKNOWLEDGMENTS 
Presented in part at the ISF-AOCS World Congress, New York, N.Y., 


April 1980. 
Supported by hational Institutes of Health Grants CA-14661 and 


AG-00368. 
M. Abou-Gharbia was supported by Grant CA-09214 from the National 


Cancer Institute. Partial support was obtained from the Samuel S. Fels 
Fund, Fels Research Institute, and Temple University. 


Dosage Form Design for Improvement of 
Bioavailability of Levodopa V: Absorption and 
Metabolism of Levodopa in Intestinal Segments of Dogs 


KUNIHIRO SASAHARA =, TAKASHI NITANAI, TAEKO HABARA, 
TADASHI MORIOKA, and EIICHI NAKAJIMA 
Received November 10,1980, from the Product Development Laboratories, Sankyo Company, Ltd., 1-2-58, Hiromachi, Shinagawa, Tokyo, 
Japan. Accepted for publication March 10,1981. 


Abstract 0 Plasma levels of levodopa, total dopamine, and residual 
amounts of levodopa and its metabolites a t  the administered site were 
analyzed following administration of single 100-mg doses of levodopa in 
solution into isolated segments of the duodenum, jejunum, and ileum of 
the dog. The largest area under the plasma concentration-time curve 
(AUC) of levodopa during the 1.0-hr study was obtained following ad- 
ministration in the duodenum, followed by the jejunum and ileum. In 
addition, the residual amounts of levodopa and its metabolites detected 
at  the administration sites were: ileum, 23% jejunum, 7%; and duodenum, 
<1%. The largest AUC of total dopamine was obtained following ad- 
ministration in the jejunum, followed by the ileum and duodenum. This 
order was consistent with the order of levodopa decarboxylase enzyme 
activity reported previously. Therefore, it can be concluded that the major 
absorption site of levodopa in the intestine resides in the upper small 
intestine. Levodopa in lo-, 50-, and 100-mg doses was administered into 
isolated duodenal segments. The AUC of levodopa increased nonlinearly 
with increasing dose. Negligible amounts of both levodopa and its me- 
tabolites were observed in the segment a t  !.O hr after administration, 
indicating that the duodenal absorption of levodopa was not saturable 
within the dose range tested. 


Keyphrases 0 Levodopa-absorption and metabolism, intestinal seg- 
ments, dogs, bioavailability, dosage form design 0 Dosage form de- 
sign-bioavailability of levodopa, absorption and metabolism in dog 
intestinal segments Bioavailability-levodopa, dosage form design, 
absorption and metabolism in dog intestinal segments 


It was previously reported (1) that the reduced bio- 
availability of levodopa following oral administration was 
primarily due to levodopa metabolism by levodopa de- 
carboxylase in the intestinal tissue, with the most enzyme 
activity in the jejunum and the least in the duodenum. The 
present investigation attempted to  validate these findings 
by a study of levodopa absorption from intestinal seg- 
ments. 


EXPERIMENTAL 


Major Absorption Site of Levodopa in Intestine of Dogs-Nine 
healthy male mongrel dogs, 11.1-13.9 kg, were fasted for -16 hr and 
anesthetized with 25-mg/kg iv doses of pentobarbital sodium. They were 
divided into three equal groups according to the segment to be ligated. 
After the dog was fixed on its back, a laparotomy was performed on each 
dog, and a 20-cm segment of the duodenum, the jejunum, or the ileum 
was ligated. A single 100-mg dose of levodopa was injected as a 1% solu- 


tion' into the ligated segment of each dog. Blood samples were withdrawn 
with a heparinized syringe from the brachial or femoral vein. 


At 0, 2, 5, 15, 30, and 60 min after dosing, blood samples were with- 
drawn and processed as described previously (2). The animals were killed 
by exsanguination at 1 hr after levodopa administration, and the ligated 
loop was washed with saline and then three times with 0.04 N HClOl 
solution. The irrigating solution was assayed for residual amounts of le- 
vodopa and its metabolites. 


Influence of Levodopa Dose on Absorption and Metabolism of 
Levodopa in  Duodenum of Dogs-Nine healthy male mongrel dogs, 
10.2-13.5 kg, were fasted for -16 hr and anesthetized as described pre- 
viously. After the dog was fixed on its back, a laparotomy was performed 
and a 20-cm segment of the duodenum was ligated. Ten-milligram doses 
of levodopa in a 0.2% solution1 were injected into the duodenal loops of 
the first three dogs, 50-mg doses in a 0.5% solution* were injected into 
the duodenal loops of the second three dogs, and 100-mg doses in a 1.0% 
solution' were injected into the duodenal loops of the third group. 


Blood samples were withdrawn with a heparinized syringe from the 
hepatoportal vein at 0,2,5,15,30, and 60 min after administration. Blood 
samples and the irrigating solution obtained from the final wash of the 
ligated loops were processed as already described. 


Assay of Levodopa and Its Metabolites in  Plasma and in Admin- 
istered Site-Levodopa and its metabolite in plasma were determined 
according to a reported method (3). Residual amounts of levodopa and 
its metabolites in the dosing site of the intestine were determined ac- 
cording to the method reported previously (1). 


RESULTS 


Major Absorption Site of Intestine of Levodopa in Dogs-The 
average plasma levels of levodopa and total dopamineZ are shown in Fig. 
1 following administration of single 100-mg doses of levodopa to the 
duodenum, jejunum, and ileum. The highest plasma levodopa levels were 
obtained after duodenal administration; peak concentrations of 9.5 f 
1.9 mghiter were observed at  5 min. Plasma levodopa levels following 
administration to the jejunum reached the peak levels of 5.0 f 0.8 mghiter 
a t  15 min. Plasma levodopa levels following administration to the ileum 
were not only lowest but also increased so slowly that they reached peak 
levels of only 3.2 f 0.3 mghiter at 30 min after administration. 


The average AUC of levodopa up to 1.0 hr after administration is 
shown in Fig. 2. The AUC of levodopa after administration to the ileum 
was approximately one-half that observed after duodenal administration. 


. 1  The 0.2,0.5, and 1% levodopa solutions were prepared by dissolving Ievodopa 
in the buffer solution containing 0.2% sodium bicarbonate and 0.5% polyvinyl ac- 
etate (-pH 8.0). 


2 Total dopamine = unconjugated dopamine + conjugated dopamine. 
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Abstract A high-performance liquid chromatographic method for the 
determination of methoxsalen in plasma was developed. The method 
includes extraction from plasma of the drug and the internal standard 
(5-methoxypsoralen) into methylene chloride. Chromatography was 
performed on a reversed-phase CS column connected with a UV detector 
set a t  254 nm. The mobile phase was methanol-acetonitrile-water (2: 
3068). For a plasma sample of 0.25 ml, the maximal sensitivity was -10 
ng/ml. Accuracy was within 7.5% for therapeutic plasma levels, and the 
coefficient of variation varied between 4.3 and 0.9% for 28 and 300 ng/ml 
of plasma, respectively. 


Keyphrases Methoxsalen-high-performance liquid chromatographic 
analysis, human plasma High-performance liquid chromatogra- 
phy-methoxsalen, human plasma Photosensitizer-methoxsalen, 
high-performance liquid chromatographic analysis, human plasma 


Methoxsalen (8-methoxypsoralen), a furocoumarinic 
derivative, is used in conjunction with phototherapy in the 
treatment of psoriasis (1). Different methods of analysis 
of methoxsalen in plasma have been published. Fluoro- 
densitometric methods (2, 3) are time consuming, and 
flame-ionization GLC (4) is not sensitive enough for 
measuring therapeutic plasma levels. Electron-capture 
GLC (5-7) and GLC-mass spectrometry (8) also have been 
described. 


Since methoxsalen has a very high UV absorbance, a 
high-performance liquid chromatographic (HPLC) 
method with UV detection was developed. HPLC using a 
silica column also has been used (9, 10). HPLC on a re- 
versed-phase column1 was proposed (ll), with the internal 
standard griseofulvin being added after the extraction. 
Reversed-phase HPLC on a column with trimethyl- 
psoralen as the internal standard also was investigated (8, 
12). 


This report describes an HPLC method with a simple 
and rapid extraction procedure using a c8 column and 
5-methoxypsoralen as the internal standard. 


EXPERIMENTAL 


Reagents and Solvents-Methoxsalen2 (8-methoxypsoralen) and 
5-metho~ypsoralen~ were used as received. Methylene chloride4, meth- 
ano15, and acetonitrile5 were also used. 


Equipment-A microprocessor-controlled high-performance liquid 
chromatograph6 with a fixed-wavelength UV detector7 (254 nm), an 
automatic injector, and a 10-pl sample loop were used. 


Separations were performed on a reversed-phase columns (250 X 4.6 
mm i.d.). The column was operated at 40°. Chromatograms were traced 
on a printer/plotter6 at  a chart speed of 0.5 cm/min. 


Chromatographic Conditions-The mobile phase, methanol-ace- 


pBondapak CN. 
2 Covor, Brussels, Belgium. 
3 Promedica, Paris, France. 
4 Pro analysis grade, Merck, Darmstadt, West Germany. 
5 Lichrosolv grade, Merck, Darmstadt, West Germany. 
6 Spectra Physics SP-8O00, Eindhoven, The Netherlands. 


Spectra Physics SP-8200, Eindhoven, The Netherlands. 
8 Lichrosorh 10 RP 8, Chrompack, Merksem, Belgium. 


Table I-Absolute Recovery of Methoxsalen from Plasma a 


Quantity Added to Mean, Coefficient of 
250 pl of Plasma, ng % Variation, % 


7.0 92.8 
36.0 87.2 
Fin n 87.4 


6.6 
8.8 
5.6 


' n = 5 .  


tonitrile-water (2:3068), was pumped through the column at  a flow rate 
of 1.5 ml/min at  500-1000 psi. 


Procedure-To 250 pl of plasma in a 5-ml glass conical tube was 
added 200 ng of the internal standard, 5-methoxypsoralen (20 p1 of a 
0.001% methanol solution). The sample was extracted with 700 pl of 
methylene chloride for 30 sec on a mixers. After centrifugation at 5000 
rpm at  4O for 10 min, the organic phase was transferred to another 5-ml 
glass conical tube and evaporated to dryness a t  room temperature under 
nitrogen. The residue was stored at  -20' until analysis. The extract was 
reconstituted in 20 p1 of methanol just prior to chromatography, and 10 
pl was injected. 


Absolute Recovery-Absolute recovery of methoxsalen from plasma 
was determined by adding the internal standard after extraction and 
comparing peak height ratios with peak height ratios of a calibration 
curve. This calibration curve was obtained by injecting methanol solu- 


A 


J 


B 


1 I I I J I  I I I I 
0 4 8 12  1 6 0  4 8 12 16 


MINUTES 


Figure 1-Chromatogram of a 250-pl extract of human blank plasma 
(A) and of a 250-pl extract of human blank plasma spiked with 25 ng 
of methoxsalen (& 608 sec) and 200 ng of the internal standard (& 856 
sec) (B). 


Vortex, Cenco Instruments Mij N. V., Breda, The Netherlands 
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Table 11-Within-Run Precision and Accuracy of Methoxsalen 
Assay 


Figure 2-Chromatogram of a 
250-pl extract of plasma of a pa-  
tient after oral intake of 30 mg of 
methoxsalen (Rt 610 sec); the 
sample was spiked with 200 ng of 
the internal standard (Rt 858 
see). 


0-6 
MINUTES 


tions containing 10-80 ng of methoxsalen and 100 ng of the internal 
standard. 


RESULTS AND DISCUSSION 


The extraction gave good recoveries (87-93%) of methoxsalen from 
plasma (Table I). 


Plasma standard curves were linear for concentrations ranging from 
12 to 1000 ng/ml. The average slope for 16 standard curves, assayed over 
5 months, was 0.008436 f 0.000422 (mean f SD), with an average cor- 
relation coefficient of 0,9980 f 0.0023 (mean f SD). For a plasma sample 
of 0.25 ml, the maximum sensitivity was -10 ng/ml. 


Within-run accuracy and precision were acceptable (Table 11). For 
testing of the between-run reproducibility and accuracy, aliquots were 
taken 16 times over a 5-month period from a pool containing 100.0 ng of 


Quantity Added to Relative Error, Coefficient of 
250 p1 of Plasma, ng % Variation, ?h 


7 ( n  = 4) +7.5 4.3 
36 ( n  = 5) +2.7 5.0 
50 ( n  = 5 )  -2.9 2.6 
75 (n = 5 )  -3.2 0.9 


methoxsalen/ml of plasma; the average result was 102.4 f 5.2 ng/ml 
(mean f S D )  ( n  = 16). 


Figure 1A shows a representative chromatogram of an extract of human 
blank plasma. Figure 1B shows a chromatogram of human blank plasma 
spiked with methoxsalen and the internal standard. Both products were 
well resolved. Figure 2 shows a chromatogram of a plasma extract of a 
patient 130 min after the intake of 30 mg of methoxsalen, spiked with the 
internal standard. 


The proposed method is suitable for plasma sample analysis for 
pharmacokinetic studies of methoxsalen in animals and humans. The 
extraction is simple and rapid, and only 700 pl of the extraction solvent 
is needed. This procedure is an improvement in comparison to other 
methods (8-12). The small volume of plasma used (250 pl) enables re- 
peated sampling. 
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Abstract A dissolution method (paddle method) for determining the 
dissolution rate profile for 0.5- and 1.0-mg dihydroergotoxine meth- 
anesulfonate sublingual tablets was developed. A fluorometric method 
was used for measuring drug concentration in the dissolution medium, 
distilled water. It was essential to filter the dissolution sample to avoid 
interference from undissolved excipients. When different kinds of filters 
were used with the dissolution samples and standards, different degrees 
of apparent drug binding to the filter occurred. The dissolution rate 
profiles for several different products were compared to the innovator's 
product. The i n  uitro method and data obtained were used to propose 
dissolution specifications for these sublingual products. 


Keyphrases 0 Dihydroergotoxine-in uitro dissolution method for 
sublingual tablets, dissolution profiles Dissolution-dihydroergotoxine 
sublingual tablets, i n  uitro method Psychotherapeutic agents- 
dihydroergotoxine, i n  uitro dissolution method for sublingual tablets 


Dihydroergotoxine is a psychotherapeutic agent used 
in the treatment of mood depression, confusion, and un- 
sociability in elderly patients. Dihydroergotoxine sub- 
lingual tablets contain equal amounts of the mesylate 
forms of the dihydrogenated ergot alkaloids dihydroer- 
gocristine, dihydroergocornine, and dihydroergokryptine 
(ie. , sum total of dihydro-a-ergokryptine and dihydro- 
P-ergokryptine) (1). 


This drug is not in the official compendia, but the 
number of applications received by the Food and Drug 
Administration (FDA) for marketing approval for these 
products1 has increased. Since there is no published 
method for in viuo bioavailability determination of dihy- 
droergotoxine, firms seeking FDA approval were required 
to meet an in uitro dissolution specification as an interim 
minimum (2). This paper describes the development of a 
discriminatory in uitro dissolution method. 


EXPERIMENTAL 


Apparatus-A dissolution apparatus described in USP XX Method 
I1 was used to establish dissolution specifications. The apparatus was 
equipped with a transparent constant-temperature water bath, which 
held six dissolution assemblies so that six dissolution tests could be run 
simultaneously. The water bath was connected to a free-standing water 
bath pump2. Each stirring shaft3 of each dissolution assembly and its 
attached paddle4 were positioned so that the bottom edge of the paddle 
was 4.5 f 0.2 cm from the lowest inner surface of the dissolution vessel5. 
The dissolution profile of dihydroergotoxine tablets was determined in 
500 ml of distilled water at 37' and 50 rpm. A volume of 500 ml of disso- 
lution medium was selected due to the size of the dosage strengths tested 
(0.5 and 1.0 mg) and the assay sensitivity limit. 


Sampling-A sampling system was designed with a proportioning 
pump6 so that filtered dissolution test specimens from six dissolution 


FDA files. 


Part 65-700-001, Hanson Research Corp., Northridge, Calif. 
Part 65-700-300, Hanson Research Corp., Northridge, Calif. 
Part 33710-51, Owens Illinois, Vineland, NJ. 
Technicon Instrument Corp , Chauncey, N.Y. 


* GCAPrecision Scientific, Chicago, Ill. 


Table I-Influence of Filter Composition on Dihydroergotoxine 
Binding 8 


Glass 
Polytef Fiber Cellulose Nylon 


Nb 22 55 20 6 
Mean oercent unbound 93.2 92.2 74.0 44.3 
Range' 
S D  
SE c v c  


85-98.5 84-100 5S93.5 25-70 
4.0 4.3 10.1 15.7 
0.9 0.6 2.3 6.41 
4.3 4.6 13.6 35.5 


(1 Percent of apparent drug filter binding was determined using an aqueous l.0-jtg 
of dihydroergotoxinehnl standard solution. The standard's filtered fluorescence 
reading for each filter was compared to the standard's unfiltered fluorescence 
reading of 100. Binding = 100 - observed reading. * Number of filters tested. 
c Coefficient of variation. 


assemblies could be collected simultaneously. The pumping system had 
an on-line filter adapter7, which contained a disposable filter (glass fibefl, 
polytef g, celluloselO, or nylon") for each dissolution assembly. Filters 
were replaced for each dissolution test. 


Dissolution specimens (2-3 ml) were collected at  each time, and an 
equivalent volume of dissolution medium was replaced immediately. 
Collected specimens were allowed to equilibrate to room temperature 
(25O) in a water bath before being read directly in a spectrophotofluo- 
rometer12. Prior to reading the filtered standard solutions and collected 
dissolution specimens, the spectrophotofluorometer was set for an 
emission intensity reading of 100 for a 1.0-pg/ml unfiltered standard 
solution. 


Standard curves were linear over a concentration range of 0.05-4.0 
pg/ml for both filtered and unfiltered standard solutions. A typical 
equation for an unfiltered standard curve was y = 97.9~ + 1.64 ( r  = 
0.9980); for a filtered standard curve using glass-fiber filters, it was y = 
9 1 . 3 ~  + 0.450 ( r  = 0.9993). 


RESULTS AND DISCUSSION 


Spectrophotofluorometric scans demonstrated that an aqueous solu- 
tion of dihydroergotoxine methane~ulfonate'~ (with the assumption that 
all three drug moieties have the same dissolution characteristics) had 
maximum excitation and emission wavelengths of 283 and 353 nm, re- 
spectively. 


Initial studies revealed that dihydroergotoxine standard solutions gave 
lower relative emission intensity readings when filtered with cellulose 
filters than when read as unfiltered solutions. Further investigations were 
conducted using standard solutions to determine the effects other filters 
had on fluorescence readings. Study results indicated an apparent drug 
filter binding effect, which was dependent on the type of filter used (Table 
I). For cellulose and nylon filters, there appeared to be significant binding 
(-25 and 55%, respectively). For polytef and glass-fiber filters, slight 
binding seemed possible when the small assay variability (coefficient of 
variation of 4.3 and 4.670, respectively) and the differences between un- 
filtered and filtered fluorescence readings for those filters (-7 and 8%, 
respectively) were considered. 


Sublingual tablets, 0.5 and 1.0 mg, from several manufacturers were 
~ 


Part SX0001300, Millipore Corp., Bedford, Mass. 
8 Part 61628, Gelman Instrument Co., Ann Arbor, Mich. 


Teflon, Part LCWPO1300, Millipore Corp., Bedford, Mass. 
lo Part SCWPO1300, Millipore Corp., Bedford, Mass. 
l1 Part NCWP01300, Millipore Corp., Bedford, Mass. 


Perkin-Elmer model 204A spectrophotofluorometer with 1.0-cm quartz 


l3 Riker Laboratories, Northridge, Calif. 
cells. 
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Table 11-Dissolution Rates (Mean f SD) of 0.5-mg Dihydroergotoxine Tablets in  500 ml of Distilled Water a t  37" Using Rotating- 
Paddle Method 


Product" 
Minutes s1 s2 s 3  s 4  M1 M2 P R B1 


2 4.6b f 1.3 8.1 f 2.6 9.7 f 3.2 12.5 f 4.8 2.3 f 1.5 13.5 f 5.8 3 . 0 f  2.0 39.8f 9.4 4.2b f 2.0 
5 12.3 f 4.4 28.6 f 5.0 30.1 f 2.9 40.1 f 9.2 14.1 f 5.8 43.6 f 15.3 14.4 f 4.0 76.3 f 7.0 20.7 f 4.6 


10 34.1 f 5.1 52.9 f 6.9 61.7 f 7.4 72.8 f 13.0 31.0 f 6.3 68.1 f 16.3 38.5 f 8.7 81.2 f 10.4 54.6 f 9.2 
15 55.0 f 7.4 75.6 f 4.1 84.3 f 7.7 90.2 f 8.0 49.5 f 13.5 83.6 f 6.0 50.8 rt 11.3 87.6 f 4.1 74.6 f 5.2 
20 73.0 + 7.2 83.3 + 7.1 91.1 f 8.1 97.5 + 5.2 61.8 f 12.4 90.0 + 6.0 56.2 t 10.5 x'2.x + 9 . : ~  x0.6 + 6.2 ~ -. . - - - - . - 
30 97.7 f 7.0 90.4 f 4.9 89.9 f 7.6 99.4 f 4.1 77.7 f 7.1 94.0 2 6.3 59.9 f 11.0 84.9 f 5.0 84.3 f 7.2 
60 102.8 f 5.7 89.1 f 3.2 92.8 f 6.0 101.0 f 5.8 91.1 f 5.8 94.4 f 4.1 76.1 f 9.8 86.5 f 7.5 81.4 f 4.2 
W C  98.5 f 6.8 91.0 f 5.2 91.9 f 6.2 98.9 f 4.4 98.2 f 3.7 98.6 f 7.8 76.2 f 14.9 89.1 f 8.5 86.9 f 7.5 


S1 (lot 720X5534), 52 (lot 752x61943, S3 (lot 751x61943, and 54  (lot 717x5654) represent four lots of the innovator Sandoz Pharmaceuticals; M1 (lot 3MMJ075) 
and M2 (lot 3MF0082) were from Mead Johnson; P (lot A61447) was from Premo Pharmaceutical Laboratories; R (lot 57295) was from Riker Laboratories; and B1 (lot 
026093) was from Bolar. Twelve tablets of each product were used except that six tablets of M1 and M2 were tested. * Mean of six tablets. e See Footnote 14. 


Table 111-Dissolution Rates (Mean f SD) of 1.0-mg Dihydroergotoxine Tablets in 500 ml of Distilled Water at 37" Using Rotating- 
Paddle Method 


Product" 
Minutes s 5  S6 s 7  S8 B2 M3 M4 


2 8.6 f 0.7 8.3 f 0.8 7.9 f 2.1 11.1 f 1.4 19.9 f 2.2 5.2 f 1.7 18.6 f 6.1 
48.7 f 9.9 5 23.9 f 1.3 25.2 f 2.0 22.9 f 2.2 31.3 f 2.6 45.6 f 2.0 


10 50.7 f 1.9 51.5 f 3.2 46.1 f 2.0 55.8 f 2.6 57.2 f 3.0 32.0 f 4.4 79.9 f 6.2 
15 66.0 f 2.1 76.3 f 2.5 66.0 f 3.9 83.3 f 6.4 64.gb f 3.4 42.6 f 4.9 103.0 f 7.4 
20 84.9 f 2.7 88.7 f 3.7 76.5 f 2.7 96.8 f 4.0 64.6 f 2.9 49.2 f 3.3 107.0 f 2.3 
30 95.8 f 3.1 91.0 f 3.4 89.5 f 3.1 98.9 f 3.9 69.0b f 5.8 58.4 f 6.9 112.0 f 4.7 
60 98.6 f 2.8 92.3 f 2.1 93.5 f 3.4 100.0 f 3.6 62.9 f 6.4 97.4 f 4.5 106.0 f 2.1 
w c  102.0 f 1.5 94.7 f 1.7 95.0 f 3.9 98.3 f 2.6 64.1 f 7.7 106.0 f 9.6 110.0 f 8.8 


17.1 f 2.5 


S5 (lot 040)36375), S6 (lot 039Y6389), S7 (lot 035)36265), and S8 (lot 038Y6389) represent four lots of the innovator Sandoz Pharmaceuticals; B2 (lot 116581) was 
from Bolar; and M3 (lot 3MMJ082) and M4 (lot 3MF0081) were from Mead Johnson. Six tablets of each product were used except that 12 tablets of S7 were tested. b Mean 
of 12 tablets. See Footnote 14. 


tested. Glass-fiber filters were used because of their low apparent drug 
binding effect. Dissolution profiles from 2 min to infinity** were deter- 
mined. For each dissolution run, a t  least six tablets were tested and a 
filtered standard curve was prepared. 
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Figure 1-Dissolution profiles for 0.5- and 1.0-mg dihydroergotoxine 
rnesylate tablets in distilled water at  37" by the 50-rpm paddle method. 
The data points represent a mean of 48 tablets representing four batches 
for 0.5-mg tablets and a mean of 30 tablets representing four batches 
for 1.0-mg tablets for Product S. For all other brands, the ualues rep- 
resent a mean of sin or 12 tablet determinations. 


l 4  Infinity dissolution was determinrd after stirring the dissolution medium for 
an additional 30 min at 200 rpm folloming 60 min of specimen collection. 


Table IV-p Values for the Significance Tests Associated with 
Analysis of Variance of Percent Dihydroergotoxine Dissolved 


0.5-mg Tablet 1.0-mg Tablet 
Effect 15min 30min 15min 30min 


Brands 0.602 0.020 0.989 0.469 
Lots within brands 0.001 0.086 0.005 0.001 


The dissolution test results for 0.5- (Table 11) and 1.0- (Table 111) mg 
tablets demonstrated that there were brand-to-brand and lot-to-lot 
dissolution differences (Fig. 1). To establish differences between brands 
and between lots within a brand, analyses of variance were carried out 
on the percent of drug dissolved for 0.5- and 1.0-mg tablets a t  15 and 30 
min using the NESTED procedure previously described (3). The p values 
for the associated significance tests are summarized in Table IV. There 
were significant differences ( p  5 0.005) between lots within brands for 
0.5-mg tablets a t  15 min and for 1-mg tablets at 15 and 30 min. In addi- 
tion, there were significant differences among brands for 0.5-mg tablets 
at 15 rnin ( p  = 0.02). 


The differences observed under these test conditions were attributed 
to drug product manufacturing differences, excipients, and other tablet 


f J-0' 
r I I 


15 30 60 
MINUTES 


Figure $--Effect of temperature on the dissolution rate of innovator's 
product (S l ;  lot 720x5534) of 0.5-mg sublingual tablets. Dissolution 
ualues represent the auerage of t w o  tablets. 
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Table V-Dissolution Rates of 0.5- and 1.0-mg Dihydroergotoxine Tablets in 500 ml of Distilled Water at 25" Using Rotating-Paddle 
Method 


0.5 mg 1.0 mg, 
Minutes Product M2" Product P Product B1 Product R Product S1 Product M4 


2 2.5. 5.5b 0.0. 2.0 2.0.0.6 27.3.38.8 0.6. 3.0 8.7.8.3 
5 11.0; 13.0 4.0; 7.5 9.5; 5.8 66.8; 67.8 6.3; 6.0 20.2; 20.3 


10 23.5, 25.5 16.0,13.5 22.0,23.3 75.3,84.8 8.3, 10.6 37.2,39.8 
15 29.5, 39.0 22.0,37.5 30.5,37.8 79.8,87.8 16.3, 16.0 48.7,60.8 
20 45.5.56.0 33.5.57.0 50.5.59.8 85.3.82.8 19.3. 16.5 73.2.73.3 
30 74.5; 81.2 41.5; 54.5 71.5; 70.3 75.8; 87.8 27.3; 23.0 94.2,97.8 
60 89.0,90.5 61.0,55.5 75.0,75.3 82.8,84.3 34.8,42.0 106,101 


Letter represents manufacturer, and number represents a different production lot. Refer to Tables I1 and 111 for explanation of symbols. * Values for two tablets. 


variations. Other studies, under slightly modified test conditions, also 
helped to establish that dissolution differences may be due to formulation 
differences. Two brands, P and B2, failed to achieve total dissolution (Fig. 
1). With both preparations, insoluble material in the dissolution medium 
and a film on the stirring shafts and paddles indicated the possibility of 
an insoluble complex formation. Total dissolution could be achieved only 
by further dilution to 900 ml of medium. 


The extent of dissolution as a function of temperature was not clear 
cut and predictable because of the differences in formulations (Table V). 
For example, Products M2, P, B1, and M4 initially dissolved slowly at  
25"; however, after 60 min, the extent of dissolution was comparable to 
that at 37". On the other hand, temperature had no influence on Product 
R (the dissolution profiles a t  25 and 37O were identical). However, the 
rate and extent of dissolution of Product Sl were decreased significantly 
at 25" when compared to the results obtained at  37" (Fig. 2). 


Based on the in uitro dissolution results, the FDA implemented a 
dissolution specification for 0.5- and 1.0-mg sublingual tablets using the 
paddle method (4) where the dissolution medium is 500 ml of distilled 
water at 37'. The paddle height is 4.5 cm, and the stirring speed is 50 rpm. 
The dissolution specimens are filtered with either glass or polytef filters 
prior to drug content analysis. 


In uiuo bioavailability data for in uitro-in uiuo correlations are lacking. 


Therefore, based on the in uitro performance of eight batches repre. 
senting 0.5- and 1.0-mg tablets of the innovator product15, a dissolutior 
specification was set. For tablets to be considered acceptable, they must 
dissolve not less than 55% in 15 min and not less than 85% in 30 min for 
a mean of 12 tablets. However, no tablet should fall below 45 and 75% al. 
those respective times. 


The described in uitro dissolution method and its specifications should 
help ensure both product-to-product and lot-to-lot uniformity anc, 
consistency for dihydroergotoxine sublingual tablet dosage forms. 
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Abstract The physical instability of nitroglycerin solutions in plastic 
containers has been reported extensively. A systematic study of potency 
loss in plastic infusion bags was reported recently. This paper presents 
a theoretical treatment of the data and a proposed model consisting of 
adsorption onto the surface followed by partitioning into the plastic. 


Keyphrases Nitroglycerin-loss from solution to plastic intravenous 
containers, a theoretical treatment 0 Plastic containers-loss of nitro- 
glycerin from intravenous plastic containers, a theoretical treatment 
Adsorption, potential-nitroglycerin loss from solution in plastic intra- 
venous containers, a theoretical treatment 


Numerous studies (1-10) have reported stability prob- 
lems associated with nitroglycerin solutions in plastic 
containers meant for intravenous infusions. Adsorption 
of the drug by plastic containers and infusion sets was 
suggested as the cause. Yuen et at. (8) studied the loss of 
nitroglycerin from aqueous solutions in immersed strips 
of plastic. Based on equilibrium and kinetic studies, these 


workers proposed an adsorption-absorption mechanism 
in which adsorption plays a minor role. Although their 
report provided some insight into the phenomenon, it did 
not deal with the system as a whole, i .e. ,  nitroglycerin so- 
lutions contained in intravenous bags. 


The loss of nitroglycerin from solutions stored in com- 
mercial plastic intravenous bags was reported recently (10). 
Immediate significant losses were followed by a gradual 
decrease in concentration. No chemical degradation was 
observed. In this report, a theoretical treatment of the data 
and a proposed model are presented. 


EXPERIMENTAL 


The applicability of the proposed model was tested using recently re- 
ported data of nitroglycerin compatibility with intravenous admixture 
aids (10). In brief, the procedures for obtaining the kinetic data entailed: 
(a )  the addition by syringe of an aqueous nitroglycerin preparation to 
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Abstract 0 Plasma levels of levodopa, total dopamine, and residual 
amounts of levodopa and its metabolites a t  the administered site were 
analyzed following administration of single 100-mg doses of levodopa in 
solution into isolated segments of the duodenum, jejunum, and ileum of 
the dog. The largest area under the plasma concentration-time curve 
(AUC) of levodopa during the 1.0-hr study was obtained following ad- 
ministration in the duodenum, followed by the jejunum and ileum. In 
addition, the residual amounts of levodopa and its metabolites detected 
at  the administration sites were: ileum, 23% jejunum, 7%; and duodenum, 
<1%. The largest AUC of total dopamine was obtained following ad- 
ministration in the jejunum, followed by the ileum and duodenum. This 
order was consistent with the order of levodopa decarboxylase enzyme 
activity reported previously. Therefore, it can be concluded that the major 
absorption site of levodopa in the intestine resides in the upper small 
intestine. Levodopa in lo-, 50-, and 100-mg doses was administered into 
isolated duodenal segments. The AUC of levodopa increased nonlinearly 
with increasing dose. Negligible amounts of both levodopa and its me- 
tabolites were observed in the segment a t  !.O hr after administration, 
indicating that the duodenal absorption of levodopa was not saturable 
within the dose range tested. 


Keyphrases 0 Levodopa-absorption and metabolism, intestinal seg- 
ments, dogs, bioavailability, dosage form design 0 Dosage form de- 
sign-bioavailability of levodopa, absorption and metabolism in dog 
intestinal segments Bioavailability-levodopa, dosage form design, 
absorption and metabolism in dog intestinal segments 


It was previously reported (1) that the reduced bio- 
availability of levodopa following oral administration was 
primarily due to levodopa metabolism by levodopa de- 
carboxylase in the intestinal tissue, with the most enzyme 
activity in the jejunum and the least in the duodenum. The 
present investigation attempted to  validate these findings 
by a study of levodopa absorption from intestinal seg- 
ments. 


EXPERIMENTAL 


Major Absorption Site of Levodopa in Intestine of Dogs-Nine 
healthy male mongrel dogs, 11.1-13.9 kg, were fasted for -16 hr and 
anesthetized with 25-mg/kg iv doses of pentobarbital sodium. They were 
divided into three equal groups according to the segment to be ligated. 
After the dog was fixed on its back, a laparotomy was performed on each 
dog, and a 20-cm segment of the duodenum, the jejunum, or the ileum 
was ligated. A single 100-mg dose of levodopa was injected as a 1% solu- 


tion' into the ligated segment of each dog. Blood samples were withdrawn 
with a heparinized syringe from the brachial or femoral vein. 


At 0, 2, 5, 15, 30, and 60 min after dosing, blood samples were with- 
drawn and processed as described previously (2). The animals were killed 
by exsanguination at 1 hr after levodopa administration, and the ligated 
loop was washed with saline and then three times with 0.04 N HClOl 
solution. The irrigating solution was assayed for residual amounts of le- 
vodopa and its metabolites. 


Influence of Levodopa Dose on Absorption and Metabolism of 
Levodopa in  Duodenum of Dogs-Nine healthy male mongrel dogs, 
10.2-13.5 kg, were fasted for -16 hr and anesthetized as described pre- 
viously. After the dog was fixed on its back, a laparotomy was performed 
and a 20-cm segment of the duodenum was ligated. Ten-milligram doses 
of levodopa in a 0.2% solution1 were injected into the duodenal loops of 
the first three dogs, 50-mg doses in a 0.5% solution* were injected into 
the duodenal loops of the second three dogs, and 100-mg doses in a 1.0% 
solution' were injected into the duodenal loops of the third group. 


Blood samples were withdrawn with a heparinized syringe from the 
hepatoportal vein at 0,2,5,15,30, and 60 min after administration. Blood 
samples and the irrigating solution obtained from the final wash of the 
ligated loops were processed as already described. 


Assay of Levodopa and Its Metabolites in  Plasma and in Admin- 
istered Site-Levodopa and its metabolite in plasma were determined 
according to a reported method (3). Residual amounts of levodopa and 
its metabolites in the dosing site of the intestine were determined ac- 
cording to the method reported previously (1). 


RESULTS 


Major Absorption Site of Intestine of Levodopa in Dogs-The 
average plasma levels of levodopa and total dopamineZ are shown in Fig. 
1 following administration of single 100-mg doses of levodopa to the 
duodenum, jejunum, and ileum. The highest plasma levodopa levels were 
obtained after duodenal administration; peak concentrations of 9.5 f 
1.9 mghiter were observed at  5 min. Plasma levodopa levels following 
administration to the jejunum reached the peak levels of 5.0 f 0.8 mghiter 
a t  15 min. Plasma levodopa levels following administration to the ileum 
were not only lowest but also increased so slowly that they reached peak 
levels of only 3.2 f 0.3 mghiter at 30 min after administration. 


The average AUC of levodopa up to 1.0 hr after administration is 
shown in Fig. 2. The AUC of levodopa after administration to the ileum 
was approximately one-half that observed after duodenal administration. 


. 1  The 0.2,0.5, and 1% levodopa solutions were prepared by dissolving Ievodopa 
in the buffer solution containing 0.2% sodium bicarbonate and 0.5% polyvinyl ac- 
etate (-pH 8.0). 


2 Total dopamine = unconjugated dopamine + conjugated dopamine. 
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Figure 1-Auerage plasma levels of levodopa 
to dog duodenum (@),jejunum (O), and ileum (X). 


SE) and total dopamine (* SE) following administration of single 100-mg dose of leuodopa 


However, plasma levels of total dopamine increased slowly and reached 
the peak levels at 30-60 min after administyation, irrespective of the 
administration site. The highest plasma levels of total dopamine were 
observed following administration to the jejunum, followed by the ileum 
and duodenum. This order did not correspond with the order of plasma 
levodopa levels. 


The residual amounts of levodopa and its metabolites recovered from 
the segment are shown in Table 1. These results showed that the residual 
amounts of levodopa and its metabolites were proportional to the order * 


-- 
DUODENUM 


* 
- 
JUNUM 


Figure 2-Auerage AUC of leuodopa (& SE) upto  1.0 hr after admin- 
istration of single 100-mg doses of leuodopa to dog duodenum, jejunum, 
and ileum. 


of plasma levodopa levels. Virtually all drug was absorbed from the du- 
odenal segments, and negligible amounts of metabolitea of levodopa were 
detected. Therefore, it was concluded that the major absorption site of 
levodopa is the duodenum. 


Influence of Levodopa Dose on Absorption and Metabolism of 
Levodopa in Duodenum in Dogs-The average plasma levels of levo- 
dopa and total dopamine following administration of single lo-, 50-, and 
100-mg doses of levodopa to the duodenum of three dogs are shown in 
Fig. 3. As the administered dose increased, plasma levodopa levels in the 
hepatoportal vein appeared to be disproportionally high. In addition, the 
absorption rate from the duodenum was rapid since the peak time of 
plasma levodopa levels was observed at  2 min after dosing. However, total 
dopamine revealed an inverse situation; i.e., as the dose increased, the 
relative plasma levels of total dopamine were progressively less. The re- 
lationship between the levodopa dose administered and the observed 
AUC of levodopa and the observed AUC of total dopamine up to 1.0 hr 
after dosing are shown in Fig. 4. These findings and the fact that levodopa 
obeys linear kinetics in the body after drug absorption (4) may indicate 
that metabolism of levodopa to dopamine by levodopa decarboxylase in 
the dog duodenum proceeds by a capacity-limited process. 


The amounts of levodopa and its metabolites remaining a t  the ad- 


Table I-Percentage of Residual Amounts to  the Administered 
Dose at the Administered Site a t  1.0 hr after Administration of 
Single 100-mg Dose of Levodopa to Dog Duodenum, Jejunum, 
and Ileum * 


Total 
Site Levodopa Dopamine Total * 


~~~ ~ 


Duodenum 0.8 f 0.4= 0.1 f 0.03 0.9 f 0.4 
Jejunum 6.6 f 0.4 0.7 f 0.1 7.2 f 0.4 


23.1 f 1.7 Ileum 21.8 f 1.8 1.0 f 0.1 
3,4-Dihydroxyphenylacetic acid and homovanillic acid were not detected. * Sum 


of levodopa, total dopamine, 3,4-dihydrox.yphenylacetic acid, and homovanillic 
acid. Average f SE,  n = 3. 
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Figure 3-Average plasma levels of levodopa (& SE) and total dopamine f& SE) following administration of single 10- (a), 50- to), and 100-mg 
(X) doses of levodopa to dog duodenum. 


ministered site at 1.0 hr after administration were 1% of the administered 
dose, indicating that levodopa is completely absorbed within 1.0 hr after 
administration even at  the largest dose studied. 


DISCUSSION 


It was previously reported (5-7) that the shorter the transit time 
through the stomach, the higher the observed plasma levodopa levels. 
These repork suggested that the upper small intestine might play an 
important role in levodopa absorption uia the oral route. Analogously, 


12.0 L 


A DOSE, mg 


the major site of oral absorption of other amino acids has been shown to 
be the upper small intestine (8,9). The isolated intestinal studies carried 
out in the present investigation showed that the major absorption site 
of levodopa was the duodenum and that complete absorption occurred 
in the dose range studied. The inverse relationship between the observed 
plasma levels of levodopa and total dopamine shown in Fig. 1 is consistent 
with the fact that activity of levodopa decarboxylase is the lowest in the 
duodenum and increases in the lower sections of the small intestine 
(1). 


However, previous studies (4) reported that levodopa bioavailability 


T 


O . l L - + -  0 0 20 40 60 80 100 


8 DOSE, mg 
Figure 4-Relationship between the levodopa dose administered and the observed AUC of levodopa (A) and the observed AUC of total dopamine 
(B) up to 1.0 hr after dosing. 
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in the intact dog was dose dependent and that administration of lo-, 50-, 
and 100-mg doses of levodopa to the duodenum led to the same results 
shown in Fig. 3. Yet negligible amounts of levodopa remained in the du- 
odenal segment, and plasma levodopa levels resulted from saturable 
metabolism of levodopa to dopamine by the levodopa decarboxylase 
enzyme system in the duodenal tissue. Calimlim et al. (10) noted that 
the levodopa metabolites produced in the stomach may be responsible 
for nausea and vomiting. Their study and the present results indicate that 
levodopa bioavailability might be improved with an enteric-coated 
preparation that releases levodopa in high concentration at  the upper 
small intestine. 


REFERENCES 


(1) K. Sasahara, T. Nitanai, T. Habara, T. Kojima, Y., Kawahara, 


(2) K. Sasahara, T. Nitanai, T. Morioka, and E. Nakajima, ibid., 69, 


(3) K. Sasahara, T. Nitanai, T. Habara, A. Ninomiya, T. Morioka, 


T. ‘Morioka, and E. Nakajima, J. Pharrh. Sci., 70,730 (1981). 


261 (1980). 


and E. Nakajima, Ann. Rep. Sankyo Res. Lab., 30,65 (1978). 


(4) K. Sasahara, T. Nitanai, T. Habara, T. Morioka, and E. Nakajima, 


(5) A. Leon and H. Spiegel, J.  CZin. Pharmacol., 12,263 (1972). 
(6) D. N. Wade, P. T. Mearrich, D. J. Birkett, and J. L. Morris, A w t .  


(7) P. T. Mearrick, D. N. Wade, D. J. Birkett, and J. L. Morris, ibid., 


(8) R. P. Spencer, Am. J.  Clin. Nutr. ,  22,292 (1969). 
(9) D. M. Matheus and L. Laster, Gut, 6,411 (1965). 


J.  Pharm. Sci.,  69,1374 (1980). 


N .  2. M. Med.,  4,138 (1974). 


4,144 (1974). 


(10) L. R. Calimlim, C. A. Dujoune, J. P. Morgan, I. Lasagne, and J. 
R. Boamcjome, Eur. J. Clin. Invest., 1,313 (1971). 


ACKNOWLEDGMENTS 


Presented in part at the Pharmaceutics Section, 97th Meeting of the 
Pharmaceutical Society of Japan, Tokyo meeting, April 1977. 


The authors thank Dr. T. Higuchi for valuable discussions, Dr. H. 
Negoro, Dr. S. Akagi, and Dr. T. Miki for promotion of the research 
project, Dr. S. Riegelman for constructive comments on the manuscript, 
and Mrs. S. Tsutsumi for typing the manuscript. 


Blood Collection Technique: No Effect on In Vitro Protein 
Binding of Prednisolone 


MARIO L. ROCCI, JR., and WILLIAM J. JUSKO” 
Received November 28,1980, from the Clinical Pharmacokinetics Laboratory, Department of Pharmaceutics, School of Pharmacy, State 
University of New York at Buffalo, and the Millard Fillmore Hospital, Buffalo, N Y  14209. Accepted for publication March 25,1981. 


Abstract 0 The effect of the blood collection vessel and systemic heparin 
administration on in vitro protein binding of prednisolone was examined 
in blood collected from human subjects. No differences in the fractional 
binding of prednisolone were found in plasma from plain glass culture 
tubes, heparinized culture tubes, and two types of red- and green-top 
commercial vacuum tubes. Thus, these blood collection techniques do 
not alter serum or plasma albumin and transcortin binding of predniso- 
lone. 


Keyphrases Binding-prednisolone, effect of blood collection tech- 
niques Tris(2-butoxyethy1)phosphate-leached substance altering 
protein binding of selected drugs Prednisolone-protein binding in 
blood collection techniques 


Blood collection techniques can affect the binding of 
ligands to serum proteins (1-7). Heparin administration 
stimulates lipoprotein lipase release in uiuo (8), and this 
enzyme can increase the serum concentrations of nonest- 
erified fatty acids in uiuo (8) and in uitro (9). These fatty 
acids displace drugs from their binding sites on albumin 
(10). Heparin also has been shown to alter the plasma 
protein binding of several drugs when used to prevent 
blood clotting in uitro (6). Tris(2-butoxyethyl)phosphate, 
a substance leached from some stoppers, also alters the 
protein binding of selected drugs (1-4). Weak bases that 
bind to al-acid glycoprotein are principally affected (2). 


This study examined the effect of blood collection on the 
protein binding of prednisolone. This synthetic glucocor- 
ticoid is bound in serum by three proteins: transcortin, 
albumin, and al-acid glycoprotein, although the latter 
contributes minimally to the overall binding of this steroid 
in uiuo (11). The limited capacity of transcortin for binding 
prednisolone results in a nonlinear relationship between 
prednisolone free fraction and serum concentration, with 
increases in the free fraction occurring at  higher concen- 
trations. This binding pattern contributes greatly to the 
nonlinear disposition of this compound in humans (12). 


In addition, the unbound drug appears to be the phar- 
macologically active moiety (11). Thus, accurate binding 
measurements are essential when examining prednisolone 
pharmacokinetics. 


EXPERIMENTAL 


Study Design-Four healthy adult males (nonsmokers), ages 24-37 
years, were studied. A “scalp vein” infusion set1 was inserted into an arm 
vein, and an intravenous drip of normal saline was infused at a rate of 0.5 
ml/min to maintain the collection line open for 2 hr. A t  the end of this 
period, 10 ml of blood was collected into each of five tubes: ( a )  a plain 
glass culture tube, ( b )  a red-top commercial tube2, (c) a green-top com- 
mercial tube with heparin2, ( d )  another red-top commercial tube3, and 
( e )  a culture tube containing 0.2 ml of lOOO-units/ml heparin injection*. 
Contact between the blood samples and stoppers from the two types of 
commercial tubes was assured through inversion of these tubes. 


After initial blood collection, a dilute heparin solution in normal saline 
(20 unitdml) was connected to the infusion set to prevent clotting of the 
collection line. A t  2,2.5,3,3.5, and 4 hr, 5 ml of the heparin solution was 
flushed through the line to simulate heparin administration during in- 
termittent blood sample collection. At  4 hr, blood was collected in various 
tubes as described. 


All samples were maintained at 25’ for 1 hr and then centrifuged; the 
plasma (or serum) was harvested and frozen (-20’) prior to analysis. 


Analysis-Prednisolone containing trace quantities of [3H]prednis- 
olone5 (specific activity 53 mCi/mmole) was added to each sample to 
produce concentrations of 100 ng/ml. The protein binding of prednisolone 
was assessed using equilibrium dialysis for 16 hr a t  37’ and radioactivity 
analysis as previously described (13). 


Statistics-A two-way analysis of variance was performed (14) to 
differentiate between the effect of systemic heparin administration and 
the effect of the collection container on prednisolone protein binding. 
An interaction term was included so that the combined effects of these 
factors could be assessed. 


Pharmaseal Laboratories, Glendale, Calif. 


Venoject, ,Kimble-Terumo, Elkton, Md. 
Lipo-Hepin, Riker Laboratories, Northridge, Calif. 


* Vacutainer, Becton-Dickinson, Rutherfoid, N.J. 
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COMMUNICA TIONS 


Simplified Physiologically Based Method t o  
Estimate Steady-State Volume of 
Distribution 


Keyphrases Pharmacokinetics-simplified physiologically based 
method to estimate steady-state volume of distribution Volume of 
distribution-estimation, simplified physiologically based method 


To the Editor: 
Until recently (1-4), few investigators studied the po- 


tential effect of arterial-venous plasma concentration 
differences on the determination of the apparent steady- 
state volume of distribution ( V,,) of drugs. When standard 
methods in linear pharmacokinetics were used, the cal- 
culated V,, values based on venous plasma data were in- 
variably greater than those based on arterial data from the 
same animals (2-4). Differences as much as 2.4-fold were 
found. 


From a physiological point of view, the driving force for 
elimination and distribution of a drug in the body should 
generally be its concentration in arterial plasma (especially 
for elimination by renal filtration) and not in peripheral 
venous plasma (commonly sampled for assay). Therefore, 
it seems appropriate to use the arterial data (if possible) 
for V,, calculations (1-3). A new arterial plasma area 
method for V,, determinations was proposed earlier (4). 


In view of the difficulty and risk involved in arterial 
blood sampling, two physiologically based venous and 
excretion rate methods were derived (4). 


Method I, the intravenous bolus injection method, is 
described by: 


where D is the bolus dose, Aet is the cumulative urinary 
excretion of unchanged drug from time zero to t , fe is the 
fraction of the dose excreted unchanged up to time infinity, 
and AUC is the total area under the venous plasma drug 
concentration-time curve between time zero and time 
infinity. This method was verified experimentally1. 


Method 11, the short-term intravenous infusion method, 
is described by: 


where Dt is the cumulative amount of drug infused up to 
time t .  


Both Methods I and I1 require frequent and accurate 
urine collection and extensive blood sampling to estimate 
the AUCV. This report describes a simpler physiologically 
based method, called the steady-state plasma-urinary 
method, for calculating V,,. 


By definition, V,, can be defined as (4 and references 
cited therein): 


Unpublished data. 


(Eq. 3) Ass v,, = - 
c s s  


where A,, is the amount of drug in the body at steady state 
following a constant-rate infusion and C,, is the steady- 
state plasma drug concentration. Therefore, V,, can be 
estimated after the attainment of steady state by: 


(Eq. 4) v, = 


V S S  = (Eq. 5) 


where D,, is the total amount of drug infused up to the 
steady state at time t,,, Ae,, is the total cumulative amount 
of drug excreted unchanged up to time t,,, C1 is the total 
plasma drug clearance ( i e . ,  infusion rate/C,,), and CIR is 
the renal drug clearance. The value of CIR can be deter- 
mined by the conventional method, i.e., urinary excretion 
rate a t  steady state divided by the C,,. The times to reach 
various fractions of the steady-state plasma level during 
intravenous infusion initially can be estimated by a non- 
compartmental plasma area method described previously 
(5). 


Equation 5 has several advantages over Eqs. 1 and 2. 
First, Eq. 5 requires only one or two venous blood samples 
at steady state. Second, all urinary samples can be pooled 
together (both convenient and economical in drug assay), 
except for the last one or two that are used for renal 
clearance measurement. Third, a loading bolus and/or 
loading infusion dose can be given to achieve the steady 
state rapidly with the final maintenance infusion; with Eq. 
1 or 2, the study may have to be carried out for several 
half-lives. Fourth, the mathematical operation is much 
easier with Eq. 5. And fifth, it often may be more accurate 
to assay steady-state specimens due to higher concentra- 
tions. Furthermore, the described method is independent 
of the source of plasma sample since both arterial and ve- 
nous (usually from a noneliminating leg or arm vein) 
plasma drug concentrations should be theoretically iden- 
tical at steady state (4,6,7).  


The limitation of the proposed method is that it can only 
be used for drugs excreted to some extent in the urine. 
Fluctuations in urine pH and flow rate should be mini- 
mized during the entire study period if either or both of 
them have been shown to significantly affect the renal 
clearance of drug. Several commonly used method to cal- 
culate V,, were recently reviewed (4,8,9).  The use of the 
steady-state infusion method employing the measurement 
of plasma concentrations for calculating V,, were described 
previously (10-12). The recommended symbols in phar- 
macokinetics (12) are adopted in this communication. 


(1) W. L. Chiou, in “Abstracts,” APhA Academy of Pharmeceutical 
Sciences, Washington, D.C., meeting, Apr. 1978 (No. 15 in Basic Phar- 
maceutics Section). 


( 2 )  G. Lam and W. L. Chiou, in “Abstracts” APhA Academy of 
Pharmaceutical Sciences, San Antonio meeting, Nov. 1980 (No. 46 in 
Basic Pharmaceutics Section). 


(3) G. Lam, M. L. Chen, M. G. Lee, and W. L. Chiou, presented at 
the APhA Academy of Pharmaceutical Sciences, St. Louis meeting, Mar. 
1981. 


D,, - (total amount eliminated up to b,) 
C, 


D,, - Ae,,Cl/ClR 
c s s  
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Modified USP Assay of Calcium Gluceptate 


Keyphrases 0 Calcium gluceptate-modified USP assay 0 USP 
assay-modification for calcium gluceptate 


To the Editor: 
The USP assay procedure for calcium gluceptate con- 


sists of the complexometric estimation of calcium with 
ethylenediaminetetraacetic acid (1). To an accurately 
weighed amount of calcium gluceptate (-800 mg), 150 ml 
of water containing 2 ml of 3 N HC1 is added. While stir- 
ring, -25 ml of 0.05 M ethylenediaminetetraacetate di- 
sodium is added from a buret. Then 15 ml of 1 N NaOH 
and 300 mg of hydroxy naphthol blue indicator are added, 
and the titration is continued to a blue end-point. 


A similar procedure is described for the assay of pre- 
cipitated calcium carbonate, calcium chloride, calcium 
gluconate, calcium hydroxide, calcium lactate, and calcium 
levulinate and for the calcium content analysis of calcium 
pantothenate and racemic calcium pantothenate. Although 
each assay calls for the addition of hydrochloric acid, this 
step is only necessary where the calcium salt has a limited 
aqueous solubility (2,3). Since calcium gluceptate is freely 
soluble in water (4), we suggest that the addition of hy- 
drochloric acid should be omitted. Table I shows that assay 
results are not affected by the presence or absence of hy- 
drochloric acid. 


Table I-Assay of Calcium Gluceptate in the Presence and 
Absence of Hydrochloric Acid 


Assay Value, %“ 
Calcium Modified 


GhceDtate USP Method USP Method 


Source A 96.80 f 0.42 96.82 f 0.32 
(96.55-97.43) (96.54-97.10) 


Source B 97.02 f 0.39 97.16 f 0.21 
(96.51-97.42) (96.97-97.41) 


Source C 101.15 f 0.08 100.86 f 0.49 
(101.04-101.24) (100.14-101.17) 


a Mean f SD, n = 4; range is given in parentheses. * Pfanstiehl. c Givaudan. 
d Italsintex. 


The sodium hydroxide solution and the hydroxy 
naphthol blue indicator can be added to the calcium glu- 
ceptate solution at  the beginning of the assay; thus, it is 
unnecessary to interrupt titration to make these additions. 
The estimation of calcium with ethylenediaminetetraacetic 
acid using hydroxy naphthol blue as the indicator is carried 
out a t  pH 12-13 (5). The addition of 15 ml of 1 N NaOH 
solution in the official assay brings the pH to this range. 
In the absence of hydrochloric acid, -10 ml of 1 N NaOH 
solution would be sufficient to bring the pH to the required 
range. Thus, omitting the hydrochloric acid both simplifies 
the procedure and enables the amount of sodium hy- 
droxide to be reduced. 


We suggest that hydrochloric acid might be omitted in 
the assay of other freely soluble calcium salts. 


(1) “The United States Pharmacopeia,” 20th rev., United States 


(2) A. Q. Butler, F. A. Maurina, and F. A. Morecombe, J.  Pharm. Sci., 


(3) R. W. Goettsch, ibid., 54,317 (1965). 
(4) “The United States Pharmacopeia,” 20th rev., United States 


(5) A. Itoh and K. Ueno, Analyst, 95,583 (1970). 


Pharmacopeial Convention, Rockville, Md., 1980, p. 107. 


54,134 (1965). 


Pharmacopeial Convention, Rockville, Md., 1980, p. 1125. 
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Observed Artifacts due to  Pellet Preparation in 
IR Spectrometry 


Keyphrases IR spectrometry-observed artifacts due to pellet 
preparation R Pellets-observed artifacts due to preparation, IR spec- 
trometry 


To the Editor: 
IR spectrometry is required for identifying organic 


substances by most pharmacopeia and official compendia 
such as the USP XIX and the NF XIV (1,2). The USP 
recommends: “Chemically identical substances of differing 
polymorphic forms often exhibit different infrared spectra 
when examined in the solid state. If a difference appears 
in the spectra, dissolve portions of both the sample and the 
reference standard in a suitable solvent, evaporate the 
solution to dryness, and repeat the test on the residues” 
(1). Differences resulting from polymorphism are consid- 
ered to be the major reason for errors. 


Certain secondary and tertiary amine derivatives such 
as bupivacaine, cinnarizine, and many butyrophenones 
have the same spectrum, in part or in whole, for their hy- 
drochloride, hydrobromide, and free base forms when they 
are dissolved in methanol, ethanol, or isopropanol and if 
grinding with potassium bromide is prolonged. 
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Table V-Dissolution Rates of 0.5- and 1.0-mg Dihydroergotoxine Tablets in 500 ml of Distilled Water at 25" Using Rotating-Paddle 
Method 


0.5 mg 1.0 mg, 
Minutes Product M2" Product P Product B1 Product R Product S1 Product M4 


2 2.5. 5.5b 0.0. 2.0 2.0.0.6 27.3.38.8 0.6. 3.0 8.7.8.3 
5 11.0; 13.0 4.0; 7.5 9.5; 5.8 66.8; 67.8 6.3; 6.0 20.2; 20.3 


10 23.5, 25.5 16.0,13.5 22.0,23.3 75.3,84.8 8.3, 10.6 37.2,39.8 
15 29.5, 39.0 22.0,37.5 30.5,37.8 79.8,87.8 16.3, 16.0 48.7,60.8 
20 45.5.56.0 33.5.57.0 50.5.59.8 85.3.82.8 19.3. 16.5 73.2.73.3 
30 74.5; 81.2 41.5; 54.5 71.5; 70.3 75.8; 87.8 27.3; 23.0 94.2,97.8 
60 89.0,90.5 61.0,55.5 75.0,75.3 82.8,84.3 34.8,42.0 106,101 


Letter represents manufacturer, and number represents a different production lot. Refer to Tables I1 and 111 for explanation of symbols. * Values for two tablets. 


variations. Other studies, under slightly modified test conditions, also 
helped to establish that dissolution differences may be due to formulation 
differences. Two brands, P and B2, failed to achieve total dissolution (Fig. 
1). With both preparations, insoluble material in the dissolution medium 
and a film on the stirring shafts and paddles indicated the possibility of 
an insoluble complex formation. Total dissolution could be achieved only 
by further dilution to 900 ml of medium. 


The extent of dissolution as a function of temperature was not clear 
cut and predictable because of the differences in formulations (Table V). 
For example, Products M2, P, B1, and M4 initially dissolved slowly at  
25"; however, after 60 min, the extent of dissolution was comparable to 
that at 37". On the other hand, temperature had no influence on Product 
R (the dissolution profiles a t  25 and 37O were identical). However, the 
rate and extent of dissolution of Product Sl were decreased significantly 
at 25" when compared to the results obtained at  37" (Fig. 2). 


Based on the in uitro dissolution results, the FDA implemented a 
dissolution specification for 0.5- and 1.0-mg sublingual tablets using the 
paddle method (4) where the dissolution medium is 500 ml of distilled 
water at 37'. The paddle height is 4.5 cm, and the stirring speed is 50 rpm. 
The dissolution specimens are filtered with either glass or polytef filters 
prior to drug content analysis. 


In uiuo bioavailability data for in uitro-in uiuo correlations are lacking. 


Therefore, based on the in uitro performance of eight batches repre. 
senting 0.5- and 1.0-mg tablets of the innovator product15, a dissolutior 
specification was set. For tablets to be considered acceptable, they must 
dissolve not less than 55% in 15 min and not less than 85% in 30 min for 
a mean of 12 tablets. However, no tablet should fall below 45 and 75% al. 
those respective times. 


The described in uitro dissolution method and its specifications should 
help ensure both product-to-product and lot-to-lot uniformity anc, 
consistency for dihydroergotoxine sublingual tablet dosage forms. 
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Loss of Nitroglycerin from Solutions to Intravenous 
Plastic Containers: A Theoretical Treatment 
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Abstract The physical instability of nitroglycerin solutions in plastic 
containers has been reported extensively. A systematic study of potency 
loss in plastic infusion bags was reported recently. This paper presents 
a theoretical treatment of the data and a proposed model consisting of 
adsorption onto the surface followed by partitioning into the plastic. 


Keyphrases Nitroglycerin-loss from solution to plastic intravenous 
containers, a theoretical treatment 0 Plastic containers-loss of nitro- 
glycerin from intravenous plastic containers, a theoretical treatment 
Adsorption, potential-nitroglycerin loss from solution in plastic intra- 
venous containers, a theoretical treatment 


Numerous studies (1-10) have reported stability prob- 
lems associated with nitroglycerin solutions in plastic 
containers meant for intravenous infusions. Adsorption 
of the drug by plastic containers and infusion sets was 
suggested as the cause. Yuen et at. (8) studied the loss of 
nitroglycerin from aqueous solutions in immersed strips 
of plastic. Based on equilibrium and kinetic studies, these 


workers proposed an adsorption-absorption mechanism 
in which adsorption plays a minor role. Although their 
report provided some insight into the phenomenon, it did 
not deal with the system as a whole, i .e. ,  nitroglycerin so- 
lutions contained in intravenous bags. 


The loss of nitroglycerin from solutions stored in com- 
mercial plastic intravenous bags was reported recently (10). 
Immediate significant losses were followed by a gradual 
decrease in concentration. No chemical degradation was 
observed. In this report, a theoretical treatment of the data 
and a proposed model are presented. 


EXPERIMENTAL 


The applicability of the proposed model was tested using recently re- 
ported data of nitroglycerin compatibility with intravenous admixture 
aids (10). In brief, the procedures for obtaining the kinetic data entailed: 
(a )  the addition by syringe of an aqueous nitroglycerin preparation to 
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Figure 1-Amount of nitroglycerin in a plastic bag as a function of time. 
The symbols (0) are experimental points. The solid line is the theo- 
retically computed curue according to  Eq.  10. 


a 100-rnl polyvinyl chloride' plastic bag to yield a final nominal concen- 
tration of 50 wg/ml, and (b)  mixing the solution and sampling a t  given 
intervals for potency determination by high-performance liquid chro- 
matography (HPLC). Nitroglycerin potency assays were performed ac- 
cording to the method of Baaske et al. (10). Figure 1 summarizes the 
results. 


THEORETICAL 


The loss of nitroglycerin from solution in plastic bags can be described 
by two processes: rapid adsorption of nitroglycerin by the surface of the 
plastic bag, followed by dissolution of nitroglycerin into the plastic. This 
loss can be represented diagramatically as in Scheme I. 


adsorbed k a  nitroglycerin 
nitroglycerin in 2 nitroglycerin 
aqueous solution k 2  on plastic surface plastic matrix 


- dissolved in 


Scheme I 


The process may be considered to be dependent on the following factors: 
( a )  the amount of nitroglycerin in solution, ( b )  the ratio of nitroglycerin 
solution volume to the area of the plastic surface in contact with the so- 
lution, (c) the rate a t  which fresh nitroglycerin molecules from the solu- 
tion are adsorbed at  the plastic surface following the sorption of nitro- 
glycerin by the plastic matrix, and ( d )  the solubility of nitroglycerin in 
the plastic matrix and the partition coefficient of nitroglycerin between 
plastic and the aqueous phase. 


Scheme I can be expressed in terms of the instantaneous amounts of 
nitroglycerin in solution ( A ) ,  nitroglycerin adsorbed to the plastic surface 
( B ) ,  and nitroglycerin dissolved in the plastic matrix ( C )  (Scheme 11). 


A ~ B S C  
k 2  


Scheme II 
The differential equations describing the rate of change of A ,  B, and C 
are: 


d A  -- - -k lA + kpB 
dt  


-- dB - k l A  - k2B - k3B 
d t  
dC 
dt  
- = k3B 


Experimental data show a rapid initial drop of nitroglycerin in solution 
followed by a relatively slower rate of loss. This finding suggests that the 
rate of nitroglycerin adsorption to the surface is much greater than the 
rate of sorption by the plastic matrix. The adsorbed layer of nitroglycerin 
onto the plastic surface can be pictured as a few molecules thick at  most. 


1 Viaflex container, Travenol Laboratories, Morton Grove, IL 60053. 


The molecules of the adsorbed layer of nitroglycerin that are removed 
by sorption into the plastic are expected to be replaced rapidly by fresh 
molecules from the solution. Since nitroglycerin is being adsorbed con- 
tinually a t  the surface and removed by dissolution into the matrix, B 
should approach steady state: 


-- dB - 0 = k l A  - kzB - k3B 
dt  (Eq. 4 )  


By introducing the steady-state approximation and the initial conditions 
(at t = 0, A = Ao, B = 0, and C = 01, the following solution for A is ob- 
tained: 


A = ae-[klkd(k~+k3)lt + be-(kZ+kdt - (ye-klt - pe-klt + Aoe-kit 


(Eq. 5) 


where a and P are constants. 
A comparison of the processes controlled by kp and k3 in the scheme 


suggests that the magnitude of kp is smaller than k3. The loss of nitro- 
glycerin from the adsorbed layer to the relatively polar aqueous phase 
is described by kp, whereas 123 describes the sorption of the adsorbed ni- 
troglycerin molecules by the nonpolar plastic matrix. Since the affinity 
of nitroglycerin is expected to be much greater for the nonpolar plastic 
matrix than the aqueous phase, it is expected that k3 >> k p .  


Following this assumption, Eq. 5 reduces to: 


A = + (A0 - fl)e-klt (Eq. 6) 


where: 


(Eq. 7 )  


and k l  is a function of the amount of drug in solution, the surface area 
available for adsorption, and the formulation differences between solu- 
tions and plastic matrixes, and k3 is a function of the volume of the plastic 
matrix and the solubility of nitroglycerin in the plastic matrix. 


The k 3 / k p  ratio describes the overall partitioning behavior of nitro- 
glycerin between the plastic and the aqueous phase. The relationship of 
the true partition coefficient ( P C )  and k3/kp can be described by: 


k i! = aPC 
k z  


(Eq. 8) 


where a is a proportionality constant related to, among other factors, the 
mass of the plastic, the volume of aqueous nitroglycerin solution, and the 
formulation differences between the solution and the plastic bag. 


Similarly, the k l / k p  ratio can be related to the affinity constant ( k ~ ~ ~ ~ )  
in a Langmuir type of adsorption (11): 


(Eq. 9 )  


where p is a proportionality constant that  is also related to the surface 
area of the plastic, the volume of the aqueous nitroglycerin solution, and 
the formulation differences between the solution and the plastic bag. 


Langmuir adsorption treatment cannot be applied rigorously to this 
model since an equilibrium situation between the adsorbate (nitroglyc- 
erin) and the adsorbent (plastic) does not exist during the experiment. 
The adsorbed molecules, instead of reaching an equilibrium with the 
nonadsorbed molecules in the aqueous solution, are removed continually 
from the surface by the plastic matrix. 


RESULTS AND DISCUSSION 


Figure 1 shows a plot (at room temperature) of the amount of nitro- 
glycerin remaining in the plastic bag as a function of time. As predicted 
by the model, a biexponential loss of nitroglycerin with time is seen. The 
rate constants for adsorption ( k l )  and sorption by the plastic matrix ( k 3 ) ,  
together with the constants @ and A0 - P, were obtained by using a 
back-projection (stripping) technique (12). Figure 1 shows the actual data 
points and the curve obtained by theoretical computation. The solid 
theoretical curve was generated by using the equation derived for the 
proposed model (Eq. 6) and substituting the values of the constants ob- 
tained from the experimental data. The final form of the equation is: 


A = 8.957e-a OpEt  + 14.943e-0 235t (Eq. 10) 


The experimental data points show an excellent fit with the solid theo- 
retical line. Thus, the proposed model describing ( a )  the loss of nitro- 
glycerin from the solution in the plastic bags as a rapid adsorption to the 
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plastic surface, ( b )  followed by sorption of nitroglycerin to the plastic 
matrix by dissolution is in good agreement with the actual data. The 
model presented here should be useful for future investigations. 
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Abstract 0 A rapid and highly sensitive method is reported for the 
quantitative determination of verapamil in plasma. Verapamil and its 
internal standard are extracted from alkalinized plasma with heptane 
and then back-extracted into dilute sulfuric acid. An aliquot is injected 
directly into a high-performance liquid chromatograph, separated by 
reversed-phase chromatography, and quantified by a fluorescence de- 
tector. The procedure is suitable for the routine determination of ver- 
apamil in plasma in concentrations as low as 1 ng/ml. 


Keyphrases 0 Verapamil-high-performance liquid chromatography, 
fluorescence detection, canine plasma 0 High-performance liquid 
chromatography-verapamil, canine plasma, fluorescence detection 
Antiarrhythmic agents-high-performance liquid chromatography, 
verapamil, canine plasma, fluorescence detection 


Verapamil, 5-[(3,4-dimethoxyphenethyl)methyl- 
amino] -2-( 3,4-dimethoxyphenyl) -2-isopropylvaleronitrile 
(I), has been used for several years in Europe as an effective 
antiarrhythmic drug and is now undergoing clinical eval- 
uation in the United States. Studies are underway in this 
laboratory to show the efficacy of verapamil in suppressing 
halothane-epinephrine arrhythmias (1). 


Several analytical procedures have been reported for 
determining verapamil in plasma, including spectropho- 
tometry (2),  GLC with mass fragmentography (3), GLC 
(4), and high-performance liquid chromatography (HPLC) 
(5). None of these methods was considered completely 
satisfactory for reasons of simplicity, speed, and the ability 
to determine metabolites quantitatively. Therefore, an 
HPLC procedure was developed, and its application for 
the determination of verapamil in canine plasma following 
intravenous injection is reported here. 


EXPERIMENTAL 


Chemicals and Reagents-Verapamill (I) and its internal standard, 
4-[(3,4-dimethoxyphenethyl)methylamino] -2- (3,4-dimethoxyphenyl)- 
2-isopr~pylbutyronitrile~ (II), were obtained as hydrochloride salts. 


Knoll Pharmaceuticals, Whippany, N.J. 
D517, Knoll AG, Ludwigshafen, West Germany. 


Glass-distilled heptane3 and HPLC grade acet~nitrile~ were used. Sodium 
hydroxide (2 N ) ,  sulfuric acid (0.2 N), and pH 3.0 phosphate buffer (1 
M )  were prepared with deionized water. 


HPLC-A liquid chromatograph5 was used with a fluorescence de- 
tector6. The column7 was CIS reversed phase, and the eluting solvent was 
45% acetonitrile-55% pH 3.0 potassium phosphate (0.1 M). The solvent 
was degassed prior to use by applying a vacuum. The flow rate was set 
a t  1 ml/min. The detector settings were 203 nm for excitation with a 
320-nm emission filter. 


Procedure-To 0.5 ml of plasma were added 50 ng of 11,0.25 ml of 2 
N NaOH, and 3 ml of heptane. The mixture was shaken mechanically 
for 15 min and then centrifuged. The organic layer was transferred to a 
5-ml conical tube, and 50 pl of 0.2 N HzS04 was added. The contents were 
mixed in a vortex mixer for 1 min and centrifuged, and a 10-pl sample 
was injected into the chromatograph. 


RESULTS AND DISCUSSION 


Standard curves were prepared routinely from spiked plasma samples 
containing 40,100, and 250 ng of verapamil/ml. Peak height ratios were 
plotted as a function of the verapamil concentration added and were 
linear within this range. Intercepts usually passed through the origin. The 
lower limit of sensitivity of the assay was -1 ng/ml, and this level was 
completely adequate for analyzing the samples in this study. Assay re- 
producibility and precision were evaluated by the repeated analyses of 
spiked plasma samples containing 100 ng of verapamil/ml. The coefficient 
of variation at  this level was 4.6% ( n  = 12). The slopes of the standard 
curves from water or biological fluids were similar, indicating insignificant 


CH 
/ \  


I : n = 3  
11: n = 2 


Mallinckrodt Chemical Co., St. Louis, Mo. 
MCB, Cincinnati, Ohio. 
Model 330, Altex, Berkeley, Calif. 
Model 970, Schoeffel Instruments, Westwood, N.J. 
Ultrasphere ODs, Altex, Berkeley, Calif. 


800 I Journal of Pharmaceutical Sciences 
Vol. 70, No. 7, July 1981 


0022-354918 1/ 0700-0800$0 1.00/ 0 
@ 198 1, American Pharmaceutical Association 








in the intact dog was dose dependent and that administration of lo-, 50-, 
and 100-mg doses of levodopa to the duodenum led to the same results 
shown in Fig. 3. Yet negligible amounts of levodopa remained in the du- 
odenal segment, and plasma levodopa levels resulted from saturable 
metabolism of levodopa to dopamine by the levodopa decarboxylase 
enzyme system in the duodenal tissue. Calimlim et al. (10) noted that 
the levodopa metabolites produced in the stomach may be responsible 
for nausea and vomiting. Their study and the present results indicate that 
levodopa bioavailability might be improved with an enteric-coated 
preparation that releases levodopa in high concentration at  the upper 
small intestine. 
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Abstract 0 The effect of the blood collection vessel and systemic heparin 
administration on in vitro protein binding of prednisolone was examined 
in blood collected from human subjects. No differences in the fractional 
binding of prednisolone were found in plasma from plain glass culture 
tubes, heparinized culture tubes, and two types of red- and green-top 
commercial vacuum tubes. Thus, these blood collection techniques do 
not alter serum or plasma albumin and transcortin binding of predniso- 
lone. 


Keyphrases Binding-prednisolone, effect of blood collection tech- 
niques Tris(2-butoxyethy1)phosphate-leached substance altering 
protein binding of selected drugs Prednisolone-protein binding in 
blood collection techniques 


Blood collection techniques can affect the binding of 
ligands to serum proteins (1-7). Heparin administration 
stimulates lipoprotein lipase release in uiuo (8), and this 
enzyme can increase the serum concentrations of nonest- 
erified fatty acids in uiuo (8) and in uitro (9). These fatty 
acids displace drugs from their binding sites on albumin 
(10). Heparin also has been shown to alter the plasma 
protein binding of several drugs when used to prevent 
blood clotting in uitro (6). Tris(2-butoxyethyl)phosphate, 
a substance leached from some stoppers, also alters the 
protein binding of selected drugs (1-4). Weak bases that 
bind to al-acid glycoprotein are principally affected (2). 


This study examined the effect of blood collection on the 
protein binding of prednisolone. This synthetic glucocor- 
ticoid is bound in serum by three proteins: transcortin, 
albumin, and al-acid glycoprotein, although the latter 
contributes minimally to the overall binding of this steroid 
in uiuo (11). The limited capacity of transcortin for binding 
prednisolone results in a nonlinear relationship between 
prednisolone free fraction and serum concentration, with 
increases in the free fraction occurring at  higher concen- 
trations. This binding pattern contributes greatly to the 
nonlinear disposition of this compound in humans (12). 


In addition, the unbound drug appears to be the phar- 
macologically active moiety (11). Thus, accurate binding 
measurements are essential when examining prednisolone 
pharmacokinetics. 


EXPERIMENTAL 


Study Design-Four healthy adult males (nonsmokers), ages 24-37 
years, were studied. A “scalp vein” infusion set1 was inserted into an arm 
vein, and an intravenous drip of normal saline was infused at a rate of 0.5 
ml/min to maintain the collection line open for 2 hr. A t  the end of this 
period, 10 ml of blood was collected into each of five tubes: ( a )  a plain 
glass culture tube, ( b )  a red-top commercial tube2, (c) a green-top com- 
mercial tube with heparin2, ( d )  another red-top commercial tube3, and 
( e )  a culture tube containing 0.2 ml of lOOO-units/ml heparin injection*. 
Contact between the blood samples and stoppers from the two types of 
commercial tubes was assured through inversion of these tubes. 


After initial blood collection, a dilute heparin solution in normal saline 
(20 unitdml) was connected to the infusion set to prevent clotting of the 
collection line. A t  2,2.5,3,3.5, and 4 hr, 5 ml of the heparin solution was 
flushed through the line to simulate heparin administration during in- 
termittent blood sample collection. At  4 hr, blood was collected in various 
tubes as described. 


All samples were maintained at 25’ for 1 hr and then centrifuged; the 
plasma (or serum) was harvested and frozen (-20’) prior to analysis. 


Analysis-Prednisolone containing trace quantities of [3H]prednis- 
olone5 (specific activity 53 mCi/mmole) was added to each sample to 
produce concentrations of 100 ng/ml. The protein binding of prednisolone 
was assessed using equilibrium dialysis for 16 hr a t  37’ and radioactivity 
analysis as previously described (13). 


Statistics-A two-way analysis of variance was performed (14) to 
differentiate between the effect of systemic heparin administration and 
the effect of the collection container on prednisolone protein binding. 
An interaction term was included so that the combined effects of these 
factors could be assessed. 


Pharmaseal Laboratories, Glendale, Calif. 


Venoject, ,Kimble-Terumo, Elkton, Md. 
Lipo-Hepin, Riker Laboratories, Northridge, Calif. 


* Vacutainer, Becton-Dickinson, Rutherfoid, N.J. 


5 New England Nuclear, Boston, Mass. 
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Table I-Mean ( k S D )  Percent In Vitro Binding of Prednisolone 
in  Serum Samples Obtained in  Various Collection Tubes before 
and after Systemic Heparin Administration 


Tube Before Heparin After Heparin 


Glass culture 84.6 (1.6) 84.7 (5.0) 
Commercial” 83.3 (3.7) 86.5 (4.4) 


(red top) 
Heparinized 


commerciala 
(green top2 


Commercial 
(red top) 


Glass culture 


83.6 (2.2) 84.6 (4.8) 


79.9 (6.0) 84.2 (7.0) 


86.6 (1.2) 87.2 (2.7) 
with heparin 
(200 units/O.Z ml) 
a Vacutainer. b Venoject. 


RESULTS AND DISCUSSION 


The extent of prednisolone binding in vitro in the serum (or plasma) 
samples from the various collection tubes before and after systemic 
heparin administration is presented in Table I. There were no significant 
differences in the fractional binding of prednisolone in samples obtained 
from the various collection tubes (F = 1.12). In addition, heparin infusion 
had no significant effect on the fractional binding of prednisolone (F = 
2.84). No dual interactions occurred between the collection vessel and 
heparin administration (F = 0.67). 


Therefore, heparin administration has no effect on the in uitro binding 
of prednisolone at  low steroid concentrations. A low concentration of 
prednisolone was chosen for these studies to reflect binding to transcortin, 
a protein that has not been assessed in relation to such potential binding 
displacement. Changes in the binding at this concentration would result 
in the greatest relative increase in the free fraction when compared to 
higher steroid concentrations where -5040% of prednisolone is bound 
(15). Elevation of free fatty acid levels by heparin increases the free 
fraction of drugs such as phenytoin, warfarin (lo), and quinidine (5). The 
lipase responsible for the release of these fatty acids is active in uitro and 
can introduce a further artifact in the binding measurements uia in vitro 
release of these displacing agents (9). 


Heparin affects the binding of warfarin, salicylic acid, and phenytoin 
when used as an anticoagulant in vitro (6). The lack of significant dif- 
ferences in prednisolone binding among heparinized and nonheparinized 
samples obtained prior to systemic heparin administration indicates that 


the in uitro presence of heparin is not of major concern when conducting 
prednisolone binding and disposition studies. 


The leaching of tris(2-butoxyethy1)phosphate from the stoppers of one 
tube2 increased the free fraction of basic drugs including propranolol (l), 
alprenolol(3), and quinidine (4). Prednisolone is a neutral molecule and 
thus is not affected by the presence of tris(2-butoxyethy1)phosphate. 
Therefore, the use of heparin and commercial tubes does not appear to 
pose a problem when examining the protein binding of prednisolone. 
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Abstract 0 A supplemental table of sodium chloride equivalents and 
freezing-point depressions at  various concentrations for 29 substances 
in aqueous solution is presented. Also listed is the isosmotic concentration 
of each material that can form such a solution. The degree of hemolysis 
of human erythrocytes was determined in 12 different isosmotic solutions, 
and the data are presented to supplement the previously published Val- 


ues. While four isosmotic solutions prevented hemolysis, eight others did 
not. 


Keyphrases Sodium equivalents-data for 29 drugs 
CrYOSCOPiC properties-data for 29 drugs 0 Hemolytic effects-data for 
29 drugs 0 Medicinals-sodium chloride equivalents, cryoscopic prop- 
erties, and hemolytic effects determined for 29 drugs 


erythrocytes in certain aqueous isosmotic solutions was 
studied using the hemolytic method (3-6). 


The current investigation studied some additional 
available substances not included in earlier cryoscopic and 


The sodium chloride equivalents and freezing-point 
depressions for 499 substances in aqueous solution were 
determined experimentally and reported previously (1-5). 
Furthermore, the degree of hemolysis of fresh human 
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Modified USP Assay of Calcium Gluceptate 


Keyphrases 0 Calcium gluceptate-modified USP assay 0 USP 
assay-modification for calcium gluceptate 


To the Editor: 
The USP assay procedure for calcium gluceptate con- 


sists of the complexometric estimation of calcium with 
ethylenediaminetetraacetic acid (1). To an accurately 
weighed amount of calcium gluceptate (-800 mg), 150 ml 
of water containing 2 ml of 3 N HC1 is added. While stir- 
ring, -25 ml of 0.05 M ethylenediaminetetraacetate di- 
sodium is added from a buret. Then 15 ml of 1 N NaOH 
and 300 mg of hydroxy naphthol blue indicator are added, 
and the titration is continued to a blue end-point. 


A similar procedure is described for the assay of pre- 
cipitated calcium carbonate, calcium chloride, calcium 
gluconate, calcium hydroxide, calcium lactate, and calcium 
levulinate and for the calcium content analysis of calcium 
pantothenate and racemic calcium pantothenate. Although 
each assay calls for the addition of hydrochloric acid, this 
step is only necessary where the calcium salt has a limited 
aqueous solubility (2,3). Since calcium gluceptate is freely 
soluble in water (4), we suggest that the addition of hy- 
drochloric acid should be omitted. Table I shows that assay 
results are not affected by the presence or absence of hy- 
drochloric acid. 


Table I-Assay of Calcium Gluceptate in the Presence and 
Absence of Hydrochloric Acid 


Assay Value, %“ 
Calcium Modified 


GhceDtate USP Method USP Method 


Source A 96.80 f 0.42 96.82 f 0.32 
(96.55-97.43) (96.54-97.10) 


Source B 97.02 f 0.39 97.16 f 0.21 
(96.51-97.42) (96.97-97.41) 


Source C 101.15 f 0.08 100.86 f 0.49 
(101.04-101.24) (100.14-101.17) 


a Mean f SD, n = 4; range is given in parentheses. * Pfanstiehl. c Givaudan. 
d Italsintex. 


The sodium hydroxide solution and the hydroxy 
naphthol blue indicator can be added to the calcium glu- 
ceptate solution at  the beginning of the assay; thus, it is 
unnecessary to interrupt titration to make these additions. 
The estimation of calcium with ethylenediaminetetraacetic 
acid using hydroxy naphthol blue as the indicator is carried 
out a t  pH 12-13 (5). The addition of 15 ml of 1 N NaOH 
solution in the official assay brings the pH to this range. 
In the absence of hydrochloric acid, -10 ml of 1 N NaOH 
solution would be sufficient to bring the pH to the required 
range. Thus, omitting the hydrochloric acid both simplifies 
the procedure and enables the amount of sodium hy- 
droxide to be reduced. 


We suggest that hydrochloric acid might be omitted in 
the assay of other freely soluble calcium salts. 


(1) “The United States Pharmacopeia,” 20th rev., United States 


(2) A. Q. Butler, F. A. Maurina, and F. A. Morecombe, J.  Pharm. Sci., 


(3) R. W. Goettsch, ibid., 54,317 (1965). 
(4) “The United States Pharmacopeia,” 20th rev., United States 


(5) A. Itoh and K. Ueno, Analyst, 95,583 (1970). 


Pharmacopeial Convention, Rockville, Md., 1980, p. 107. 


54,134 (1965). 


Pharmacopeial Convention, Rockville, Md., 1980, p. 1125. 
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Observed Artifacts due to  Pellet Preparation in 
IR Spectrometry 


Keyphrases IR spectrometry-observed artifacts due to pellet 
preparation R Pellets-observed artifacts due to preparation, IR spec- 
trometry 


To the Editor: 
IR spectrometry is required for identifying organic 


substances by most pharmacopeia and official compendia 
such as the USP XIX and the NF XIV (1,2). The USP 
recommends: “Chemically identical substances of differing 
polymorphic forms often exhibit different infrared spectra 
when examined in the solid state. If a difference appears 
in the spectra, dissolve portions of both the sample and the 
reference standard in a suitable solvent, evaporate the 
solution to dryness, and repeat the test on the residues” 
(1). Differences resulting from polymorphism are consid- 
ered to be the major reason for errors. 


Certain secondary and tertiary amine derivatives such 
as bupivacaine, cinnarizine, and many butyrophenones 
have the same spectrum, in part or in whole, for their hy- 
drochloride, hydrobromide, and free base forms when they 
are dissolved in methanol, ethanol, or isopropanol and if 
grinding with potassium bromide is prolonged. 
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Table I-Mean ( k S D )  Percent In Vitro Binding of Prednisolone 
in  Serum Samples Obtained in  Various Collection Tubes before 
and after Systemic Heparin Administration 


Tube Before Heparin After Heparin 


Glass culture 84.6 (1.6) 84.7 (5.0) 
Commercial” 83.3 (3.7) 86.5 (4.4) 


(red top) 
Heparinized 


commerciala 
(green top2 


Commercial 
(red top) 


Glass culture 


83.6 (2.2) 84.6 (4.8) 


79.9 (6.0) 84.2 (7.0) 


86.6 (1.2) 87.2 (2.7) 
with heparin 
(200 units/O.Z ml) 
a Vacutainer. b Venoject. 


RESULTS AND DISCUSSION 


The extent of prednisolone binding in vitro in the serum (or plasma) 
samples from the various collection tubes before and after systemic 
heparin administration is presented in Table I. There were no significant 
differences in the fractional binding of prednisolone in samples obtained 
from the various collection tubes (F = 1.12). In addition, heparin infusion 
had no significant effect on the fractional binding of prednisolone (F = 
2.84). No dual interactions occurred between the collection vessel and 
heparin administration (F = 0.67). 


Therefore, heparin administration has no effect on the in uitro binding 
of prednisolone at  low steroid concentrations. A low concentration of 
prednisolone was chosen for these studies to reflect binding to transcortin, 
a protein that has not been assessed in relation to such potential binding 
displacement. Changes in the binding at this concentration would result 
in the greatest relative increase in the free fraction when compared to 
higher steroid concentrations where -5040% of prednisolone is bound 
(15). Elevation of free fatty acid levels by heparin increases the free 
fraction of drugs such as phenytoin, warfarin (lo), and quinidine (5). The 
lipase responsible for the release of these fatty acids is active in uitro and 
can introduce a further artifact in the binding measurements uia in vitro 
release of these displacing agents (9). 


Heparin affects the binding of warfarin, salicylic acid, and phenytoin 
when used as an anticoagulant in vitro (6). The lack of significant dif- 
ferences in prednisolone binding among heparinized and nonheparinized 
samples obtained prior to systemic heparin administration indicates that 


the in uitro presence of heparin is not of major concern when conducting 
prednisolone binding and disposition studies. 


The leaching of tris(2-butoxyethy1)phosphate from the stoppers of one 
tube2 increased the free fraction of basic drugs including propranolol (l), 
alprenolol(3), and quinidine (4). Prednisolone is a neutral molecule and 
thus is not affected by the presence of tris(2-butoxyethy1)phosphate. 
Therefore, the use of heparin and commercial tubes does not appear to 
pose a problem when examining the protein binding of prednisolone. 
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Abstract 0 A supplemental table of sodium chloride equivalents and 
freezing-point depressions at  various concentrations for 29 substances 
in aqueous solution is presented. Also listed is the isosmotic concentration 
of each material that can form such a solution. The degree of hemolysis 
of human erythrocytes was determined in 12 different isosmotic solutions, 
and the data are presented to supplement the previously published Val- 


ues. While four isosmotic solutions prevented hemolysis, eight others did 
not. 


Keyphrases Sodium equivalents-data for 29 drugs 
CrYOSCOPiC properties-data for 29 drugs 0 Hemolytic effects-data for 
29 drugs 0 Medicinals-sodium chloride equivalents, cryoscopic prop- 
erties, and hemolytic effects determined for 29 drugs 


erythrocytes in certain aqueous isosmotic solutions was 
studied using the hemolytic method (3-6). 


The current investigation studied some additional 
available substances not included in earlier cryoscopic and 


The sodium chloride equivalents and freezing-point 
depressions for 499 substances in aqueous solution were 
determined experimentally and reported previously (1-5). 
Furthermore, the degree of hemolysis of fresh human 
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Table I-Sodium Chloride Equivalents and Freezing-Point Depressions * 


Chemical 


Concentration of Solution, sodium chloride Equivalents 


0.5% 1% 2% 3% 5% Concentration 
At Isosmotic 


Amikacin base 


Benzquinamide hydrochloride 


Bretylium tosylate 


Calcium gluceptate 


Carbazochrome salicylate 


Cefamandole d a t e e  


Cefazolin sodium 


Cefoxitin sodiumC 


Cephapirin sodium 


Dobutamine hydrochloride 


Dopamine hydrochloride 


Etidocaine hydrochloride 


Isoetharine hydrochloride 


Ketamine hydrochloride 


Leucovorin calcium 


Metoclopramide hydrochloride 


Metrizamide 


Nalbuphine hydrochloride 


Oxymorphone hydrochloiide 


Piperacillin sodiumc 


Potassium thiocyanate 


Propantheline bromide 


Propranolol hydrochloride" 


Sodium nitroprusside 


Sodium thiocyanate 


Terbutaline sulfate 


Ticarcillin disodium 


Timolol maleate 


Tobramycin 


0.06 
0.016' 
0.14 
0.041' 
0.16 
0.043' 
0.12 
0.037' 
0.38 
0.106' 
0.16 
0.045' 
0.14 
0.042' 
0.18 
0.050' 
0.14 
0.038' 
0.20 
0.053' 
0.30 
0.085' 
0.18 
0.051' 
0.24 
0.068' 
0.21 
0.0610 
0.06 
0.013' 
0.16 
0.045' 
0.04 
0.010' 
0.16 
0.045' 
0.16 
0.044' 
0.11 
0.032' 
0.61 
0.1800 
0.11 
0.032' 
0.20 
0.060' 
0.30 
0.086' 
0.71 
0.205' 
0.14 
0.042' 
0.20 
0.056' 
0.14 
0.038' 
0.08 
0.019' 


0.05 
0.031' 
0.14 
0.079' 
0.14 
0.081" 
0.12 
0.068' 
0.36 
0.210' 
0.14 
0.079' 
0.13 
0.0740 
0.16 
0.092' 
0.13 
0.075' 
0.18 
0.101' 
0.30 
0.170' 
0.18 
0.102' 
0.23 
0.132' 
0.21 
0.122' 
0.05 
0.026' 
0.15 
0.084' 
0.04 
0.020' 
0.15 
0.085' 
0.16 
0.088' 
0.11 
0.063' 
0.59 
0.341' 
0.11 
0.064' 
0.20 
0.122' 
0.29 
0.167' 
0.71 
0.410' 
0.14 
0.082' 
0.20 
0.113' 
0.13 
0.077' 
0.07 
0.038' 


- 
- 
- 
- 
- 
- 
- 
- 


0.35 
0.52' 
- 
- 
- 
- 
- 
- 


0.11 
0.52' 
- 
- 


0.29 
0.52' 
0.18 
0.52' 
0.21 
0.52' 
0.21 
0.52' 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 


0.59 
0.52' 
- 
- 
- 
- 


0.27 
0.52' 
0.71 
0.52' 
0.13 
0.52' 
0.19 
0.52' 
- 
- 
- 
- 


- 
- 
- 
- 
- 
- 
- 
- 


2.57%b 
2.57% - 
- 
- 
- 
- 
- 


7.80% 
7.80% - 
- 


3.11% 
3.11% 
5.08% 
5.08% 
4.27% 
4.27% 
4.29% 
4.29% - 
- 
- 
- 
- 
- - 
- 
- 
- 
- 
- 


1.52% 
1.52% - 
- 
- 
- 


3.30% 
3.30% 
1.27% 
1.27% 
6.75% 
6.75% 
4.62% 
4.62% 
- 
- 
- 
- 


0.05 
0.062' 
0.13 
0.150' 
0.13 
0.148" 
0.11 
0.124' 
0.36 
0.410' 
0.12 
0.137' 
0.12 
0.132' 
0.15 
0.166' 
0.13 
0.149' 
0.16 
0.1880 
0.29 
0.335' 
0.18 
0.204' 
0.22 
0.250" 
0.21 
0.244' 
0.05 
0.052' 
0.13 
0.155' 
0.03 
0.040' 
0.14 
0.158' 
0.15 
0.168' 
0.11 
0.123' 
- 
- 
- 
- 


0.20 
0.230' 
0.28 
0.322" 
- 
- 


0.14 
0.161' 
0.20 
0.226' 
0.12 
0.146' 
0.07 


0.05 
0.091' 
0.12 
0.216' 
0.12 
0.208' 
0.10 
0.178' 
- 
- 


0.11 
0.187' 
0.11 
0.190' 
0.14 
0.23b' 
0.13 
0.222' 
- 
- 


0.29 
0.502' 
0.18 
0.306' 
0.21 
0.368' 
0.21 
0.366' 
0.04 
0,077' 
0.12 
0.216' 
0.03 
0.060' 


0.14 
0,244' 
0.10 
0.175' 


- 
- 


- 
- 
- 
- 
- 
- 


0.28 
0.475" 
- 
- 


0.14 
0.238" 
0.19 
0.339' 
- 
- 


0.07 


0.05 
0.153' - 
- 


0.11 
0.327' 
0.10 
0.275' 
- 
- 


0.10 
0.290' 
0.11 
0.303' 
0.13 
0.384' 
0.12 
0.361' - 
- 
- 
- 


0.18 
0.510' - 
- 
- 
- 


0.04 
0.126' 
0.11 
0.315' - 
- 
- 
- 


0.13 
0.382' 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 


0.13 
0.390' 
- 
- 
- 
- 


0.06 
0.075' 0.112' 0.187' 


Top value is sodium chloride equivalent, and bottom value is freezing-point depression. * Isosmotic concentration, % w/v. Solution foams readily. 


hemolytic investigations. Results are presented in tables 
to supplement the previous data. 


EXPERIMENTAL 


Cryoscopic Measurements-The method used to measure the 
freezing points of the solutions was the same as that already reported; 
all freezing-point data were obtained with a cryoscopic osmometer (4). 


The freezing-point measurements were corrected for the amount of 
disengaged ice; -0.52' was used as the comparative freezing point for 
aqueous 0.9'70 reagent grade sodium chloride solution, which is isotonic 
and isosmotic with blood and tears. The materials studied were of the 
official grade of purity or better, and the grade of purity of the donated 
specialty preparations complied with the manufacturer's specifica- 
tions. 


Hemolysis of Human Erythrocytes-Colorimetric hemoglobin de- 
terminations were made to indicate the degree of hemolysis for solutions 


that could be made isosmotic. The method (343) utilized a 45-min incu- 
bation period of erythrocytes in the isosmotic solution, followed by 
centrifugation of the erythrocytes and ghosts and determination of ab- 
sorbance versus a standard at  540 nm in a colorimeter. 


RESULTS AND DISCUSSION 


Table I lists the sodium chloride equivalents and freezing-point de- 
pressions at  various concentrations for the 29 substances investigated. 
To use these data, one should employ the sodium chloride equivalent that 
represents the concentration nearest to the desired final concentration 
of the medicinal substance used. Because of general interest in colliative 
properties of medicinal solutions, freezing-point depressions and sodium 
chloride .equivalents are included for several substances that are not 
necessarily used as isotonic or isosmotic solutions. Sodium chloride 
equivalents and isosmotic concentrations are reported to the nearest 
0.01. 
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Table 11-Hemolysis of Erythrocytes in Isosmotic Solutions 


Isosmotic 
Concentration, Hemolysis, Approximate 


Substances % wlv % DH 


Carbazochrome salicylate 
Cefazolin sodium 
Cephapirin sodium 
Dopamine hydrochloride 
Etidocaine hydrochloride 
Isoetharine hydrochloride 
Ketamine hydrochloride 
Potassium thiocyanate 
Sodium nitroprusside 
Sodium thiocyanate 
Terbutaline sulfate 
Ticarcillin disodium 


2.57 82 
8.77 0 
7.80 3b 
3.11 6 
5.08 100 
4.27 8 
4.29 41 
1.52 0 
3.30 50 
1.27 Trace 
6.75 11 
4.62 Trace 


9.4 
4.6 
6.7c 
4.6 
4.3 
4.1 
3.3 
6.3 
9.1 
5.0 
4.1 
5.2 


Solution turned orange. * Solution turned yellow. The pH waa determined 
after addition of erythrocytes. Solution turned red brown. 


The percent of hemolysis found for the 12 isosmotic solutions studied, 
the isosmotic concentration used for each, and the solution’s approximate 
pH before the addition of erythrocytes are listed in Table 11. Any no- 
ticeable change in appearance of the erythrocytes or the solution was 
indicated. Of the 12 compounds studied, only four isosmotic solutions 
prevented hemolysis of human erythrocytes. 


A compilation of the 305 substances whose isosmotic solutions were 
studied using the present hemolytic method shows that 144 failed to 
prevent hemolysis while 161 prevented hemolysis. Care must be taken 
not to equate isotonicity and isosmoticity without knowledge of the 
corresponding data whenever a biological membrane is utilized. This 
aspect was discussed previously (2,4,6-9). 


Earlier studies (3-5) showed apparent aggregation of some substances 
in aqueous solution. In the present study, the cryoscopic graphs of ce- 
famandole nafate and cefoxitin sodium (whcse aqueous solutions foamed 
considerably) showed a slight discontinuity a t  1%, suggesting that some 
aggregation may have taken place above that concentration; however, 


this phenomenon was not as distinct as with the previously reported 
drugs. Likewise, solutions of piperacillin sodium, propantheline bromide, 
and propranolol foamed considerably, suggesting that their surface 
tensions also were lowered; however, a plot of their cryoscopic graphs did 
not indicate aggregation. A sufficient number of compounds in the total 
study did tend to aggregate in solution, which suggeata that this interfacial 
phenomenon may play a role in drug action by affecting biological ac- 
tivity. Associations taking place in the complex biological medium un- 
doubtedly affect the thermodynamic activity of a given drug at  the mo- 
lecular level and, therefore, warrant increased study. 
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Abstract An improved liquid chromatographic assay for serum fto- 
rafur and fluorouracil is shown to be routine, sensitive, and reproducible 
using 200 p1 of serum. Dilute ammonium acetate buffer at pH 10.2 is used 
for solubilization of the evaporated ethyl acetate extract for injection into 
the liquid chromatograph. A stability study indicated little or no in vitro 
formation of fluorouracil from ftorafur under the conditions described. 
Low serum fluorouracil levels were found after administration of thera- 
peutic doses of ftorafur. 


Keyphrases 0 Liquid chromatographic assay-improved results for 
fluorouracil in presence of ftorafur Ftorafur-stability study, no in 
vitro formation of fluorouracil Anticancer agent-ftorafur potential 
for treatment of GI cancers 


The recent development of an oral dosage form of the 
antineoplastic ftorafur [R 1s-I- (tetrahydro-2-furany1)- 
5-fluorouracil] (I) has added new potential for the treat- 
ment of GI cancers on an outpatient basis. Ftorafur is 
generally considered to be a prodrug for fluorouracil (II), 
which, in turn, derives its cytotoxicity from its structural 


resemblance to uracil (IV). Inspection of the structure of 
I, 11, and IV reveals the structural similarities between 
these molecules, and comparison of I and I11 indicates the 
unusual tetrahydrofuranyl ring of ftorafur. 


BACKGROUND 


During initial human studies with bolus ftorafur, investigators reported 
circulating levels of fluorouracil greater than those found after continuous 
intravenous infusion of fluorouracil (1, 2). In addition, there is some 
clinical similarity between bolus ftorafur and infusional fluorouracil in 
terms of patient toxicity (3). These findings suggested that the cytotoxic 
mechanism of ftorafur was probably due to the slow release of fluorouracil 
into the systemic circulation. 


However, in a more recent study with bolus ftorafur, very low circu- 
lating levels of fluorouracil were reported and fluorouracil was not de- 
tected in the serum 8 hr after ftorafur administration (4). This report 
suggested that the high fluorouracil levels reported previously were the 
reault of in vitro breakdown of brafur  or perhaps its more labile dehydro 
metabolite (5). This metabolite is thought to differ from ftorafur by only 
a double bond located in an undetermined pdition in the furanyl ring 
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plastic surface, ( b )  followed by sorption of nitroglycerin to the plastic 
matrix by dissolution is in good agreement with the actual data. The 
model presented here should be useful for future investigations. 
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Abstract 0 A rapid and highly sensitive method is reported for the 
quantitative determination of verapamil in plasma. Verapamil and its 
internal standard are extracted from alkalinized plasma with heptane 
and then back-extracted into dilute sulfuric acid. An aliquot is injected 
directly into a high-performance liquid chromatograph, separated by 
reversed-phase chromatography, and quantified by a fluorescence de- 
tector. The procedure is suitable for the routine determination of ver- 
apamil in plasma in concentrations as low as 1 ng/ml. 


Keyphrases 0 Verapamil-high-performance liquid chromatography, 
fluorescence detection, canine plasma 0 High-performance liquid 
chromatography-verapamil, canine plasma, fluorescence detection 
Antiarrhythmic agents-high-performance liquid chromatography, 
verapamil, canine plasma, fluorescence detection 


Verapamil, 5-[(3,4-dimethoxyphenethyl)methyl- 
amino] -2-( 3,4-dimethoxyphenyl) -2-isopropylvaleronitrile 
(I), has been used for several years in Europe as an effective 
antiarrhythmic drug and is now undergoing clinical eval- 
uation in the United States. Studies are underway in this 
laboratory to show the efficacy of verapamil in suppressing 
halothane-epinephrine arrhythmias (1). 


Several analytical procedures have been reported for 
determining verapamil in plasma, including spectropho- 
tometry (2),  GLC with mass fragmentography (3), GLC 
(4), and high-performance liquid chromatography (HPLC) 
(5). None of these methods was considered completely 
satisfactory for reasons of simplicity, speed, and the ability 
to determine metabolites quantitatively. Therefore, an 
HPLC procedure was developed, and its application for 
the determination of verapamil in canine plasma following 
intravenous injection is reported here. 


EXPERIMENTAL 


Chemicals and Reagents-Verapamill (I) and its internal standard, 
4-[(3,4-dimethoxyphenethyl)methylamino] -2- (3,4-dimethoxyphenyl)- 
2-isopr~pylbutyronitrile~ (II), were obtained as hydrochloride salts. 


Knoll Pharmaceuticals, Whippany, N.J. 
D517, Knoll AG, Ludwigshafen, West Germany. 


Glass-distilled heptane3 and HPLC grade acet~nitrile~ were used. Sodium 
hydroxide (2 N ) ,  sulfuric acid (0.2 N), and pH 3.0 phosphate buffer (1 
M )  were prepared with deionized water. 


HPLC-A liquid chromatograph5 was used with a fluorescence de- 
tector6. The column7 was CIS reversed phase, and the eluting solvent was 
45% acetonitrile-55% pH 3.0 potassium phosphate (0.1 M). The solvent 
was degassed prior to use by applying a vacuum. The flow rate was set 
a t  1 ml/min. The detector settings were 203 nm for excitation with a 
320-nm emission filter. 


Procedure-To 0.5 ml of plasma were added 50 ng of 11,0.25 ml of 2 
N NaOH, and 3 ml of heptane. The mixture was shaken mechanically 
for 15 min and then centrifuged. The organic layer was transferred to a 
5-ml conical tube, and 50 pl of 0.2 N HzS04 was added. The contents were 
mixed in a vortex mixer for 1 min and centrifuged, and a 10-pl sample 
was injected into the chromatograph. 


RESULTS AND DISCUSSION 


Standard curves were prepared routinely from spiked plasma samples 
containing 40,100, and 250 ng of verapamil/ml. Peak height ratios were 
plotted as a function of the verapamil concentration added and were 
linear within this range. Intercepts usually passed through the origin. The 
lower limit of sensitivity of the assay was -1 ng/ml, and this level was 
completely adequate for analyzing the samples in this study. Assay re- 
producibility and precision were evaluated by the repeated analyses of 
spiked plasma samples containing 100 ng of verapamil/ml. The coefficient 
of variation at  this level was 4.6% ( n  = 12). The slopes of the standard 
curves from water or biological fluids were similar, indicating insignificant 


CH 
/ \  


I : n = 3  
11: n = 2 


Mallinckrodt Chemical Co., St. Louis, Mo. 
MCB, Cincinnati, Ohio. 
Model 330, Altex, Berkeley, Calif. 
Model 970, Schoeffel Instruments, Westwood, N.J. 
Ultrasphere ODs, Altex, Berkeley, Calif. 
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- 
MINUTES 


1 0 8 6 4  


Figure 1-Chromatogram of the extract of 
a 0.5-ml plasma sample taken 8 min after 
the intravenous injection of 0.2 mg of uer- 
apamillkg. Key: I ,  uerapamil; and II, inter- 
nal standard. 


A 


-I 
0 


differences in the extractability of the compounds from aqueous solutions 
of different compositions. 


A chromatogram of an extracted plasma sample from a dog that had 
received 0.2 mg of verapamilhg iv 8 min previously is shown in Fig. 1. The 
verapamil concentration was 95 ng/ml. 


Figure 2 shows a semilog plot of the concentration-time curve obtained 
after intravenous injection of 0.1 mg of verapamil/kg in a dog. The levels 
declined exponentially as fitted by the regression analysis program 
AUTOAN to a three-compartment open model according to: 


C, = Ae-at + Be-Ot + Pe-Ht  (Eq. 1) 
where C, is the plasma verapamil concentration; A ,  B ,  and P are the 
coefficients of the three compartments; and a, @, and ?r are the decay 
constants from these compartments. The terminal half-lives were 0.25, 
6.5, and 129 hr, respectively. However, although the data from this ex- 
periment were compatible with a three-compartment model, it is not 
possible to state that three compartments exist for verapamil. Additional 
experiments of longer duration are required to reach statistically valid 
conclusions. The half-lives of the initial distribution phase ( t l / z a ,  0.25 
hr) and for the apparent terminal phase ( t l l z p ,  6.5 hr) were in agreement 
with previously reported values (6,7). 


The retention times of verapamil and I1 were 7 and 6 min, respectively. 
No endogenous compounds were present in plasma with the same elution 
times and fluorescence spectra. 


A high first-pass effect was reported for patients receiving oral ver- 


"? 300 


3 1  
I '  1 I I 1 I I 


0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 
HOURS 


Figure 2-Change in plasma verapamil concentration with time after 
the intravenous injection of 0.1 mglkg at time zero. 


apamil(6). In the study reported here, verapamil was administered in- 
travenously only; therefore, the presence of substantial amounts of 
metabolic products would not be expected. Throughout the study, no 
evidence of metabolic products was observed. Since these products would 
be more polar, their elution times would be expected to be less than the 
elution time of verapamil. Therefore, the use of heptane as the extracting 
solvent is extremely advantageous since there are no major peaks eluting 
prior to verapamil that may possibly obscure the presence of metabolic 
products. While authentic metabolites have not been tested in this 
chromatographic system, it is reasonable to expect that they would elute 
ahead of verapamil. 


Other studies are being planned to evaluate the pharmacokinetics of 
verapamil and the individual metabolic products following oral admin- 
istration. A discrepancy exists between the duration of the electrophys- 
iological and hemodynamic effects of verapamil and its concentration 
in plasma. The possibility that this discrepancy may be related to the 
concentration of metabolites has been proposed (8), and the method 
described here may be of value in resolving this problem. 


The ultimate objectives in undertaking pharmacokinetic metabolic 
and disposition studies are to predict disposition in individual patients 
and to optimize doses and schedules rapidly. The development of a highly 
sensitive and specific analytical procedure for measuring verapamil in 
plasma should enable more detailed and longer term clinical disposition 
studies than have been reported previously. 
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Abstract In many cases of nonlinear drug-protein binding, investi- 
gators have fitted data to the classical Langmuir model with two classes 
of binding sites involving four parameters. For human serum albumin 
binding of tolmetin and salicylate, a simple two-parameter parabolic 
equation relating free to total concentrations fitted the binding data 
better. Thus, the free fraction corresponding to the serum or plasma drug 
concentration in the blood sample taken from a subject can be estimated 
directly from the parabolic model. This is not the case when the Langmuir 
model is used to describe nonlinear binding data since the positive root 
of a cubic equation must be obtained to estimate the free from the total 
concentration. The direct relationship between free and total drug con- 
centrations would be useful in many clinical situations. 


Keyphrases 0 Drug-protein binding-Langmuir and parabolic models 
compared, parameter estimation, equilibrium dialysis of salicylic acid 
and tolmetin with human serum albumin 0 Equilibrium dialysis- 
drug-protein binding, Langmuir and parabolic models compared for free 
drug concentration estimation Models, mathematical-Langmuir and 
parabolic models compared for free drug concentration estimation, 
equilibrium dialysis 


When equilibrium dialysis is used to measure nonlinear 
drug-protein binding, the free fraction of drug obtained 
from the equilibrium concentrations in the buffer and 
plasma compartments of the dialysis apparatus is always 
less than that in the original plasma or serum sample. The 
free fraction corresponding to the initial total drug con- 
centration must be estimated from a function describing 
the binding over a range of equilibrium drug concentra- 
tions. If only one serum or plasma sample containing drug 
is available, one cannot calculate the correct free and 
bound drug concentrations in the original plasma or serum 
sample (1). 


BACKGROUND 


Free fractions corresponding to the initial plasma or serum total drug 
concentrations can be estimated by solving a quadratic ( k  = 1) or cubic 
( k  = 2) equation (1) when nonlinear drug-protein binding data, obtained 
using equilibrium dialysis, are fitted to the classical Langmuir model 
(2): 


(Eq. 1) 


where C b  is the protein-bound drug concentration a t  equilibrium, C, is 
the protein concentration, C, is the free (unbound) drug concentration 
a t  equilibrium, Kd; is the dissociation constant for the i th class of binding 
sites, ni is the number of identical independent binding sites in a class, 
and k is the number of classes. The disadvantage of this technique is that 
the free drug concentration corresponding to a total drug concentration 
cannot be estimated directly. 


With tolmetin-human serum albumin ( k  = 2 or 3) (3) or salicylate- 
human serum albumin ( k  = 2) (4) binding data from equilibrium dialysis 
experiments, it was found empirically that a plot of the free fraction 
uersus total equilibrium drug concentration was linear: 


2 = a + bC, 
Ct 


(Eq. 2) 


where Ct is the total drug concentration and a and b are the intercept and 
slope of the straight line, respectively. The constant a is dimensionless, 
while b has dimensions of pM-'. This equation can be rearranged to give 
a simple parabolic relationship that passes through the origin and predicts 
zero drug bound a t  zero total drug concentration: 


Cf = aCt + bC: (Eq. 3) 


In many cases, the binding data were fitted much better to Eq. 3 than 
to the classical Langmuir model (Eq. 1 with k = 2). This parabolic rela- 
tionship is useful in many clinical situations since Cf can be estimated 
directly for a given Ct value. The concentration range was 0-1200 pM for 
tolmetin and 0-2400 p M  for salicylic acid, and the parameters of Eq. 3 
(Tables I and 11) are valid only in these ranges. 


EXPERIMENTAL 


All drug-protein binding assays were performed using equilibrium 
dialysis as described previously (5). Equilibration was attained when 
samples were placed in an oscillating water bath (at 37') for 18 hr. Drug 
concentrations were estimated by methods published previously (2). The 
unlabeled' and [14C]salicylic acid2 were obtained commercially. Human 
serum albumin3 solution (25%) was diluted with water to 4% and used 
in the binding studies with various buffers, while fatty acid-free human 
serum albumin4 was used for the binding studies a t  various temperatures. 
The program NONLIN (6) was used for fitting the binding data to Eq. 
1 ( k  = 2) or 3. 


RESULTS 


The estimated parameters and their coefficients of variation for the 
two models (Eqs. 1 and 3) for salicylic acid-human serum albumin 
binding data are shown in Table I; coefficients of variation were obtained 
as indicated. For the Langmuir model, the estimated parameters, P ( i ) ,  
in terms of previously defined constants were P(1) = nlc,, P(2)  = Kdl,  
P(3) = nzC,, and P(4) = Kdz. Here, nlCp and nzCp are the binding ca- 
pacities a t  4% human serum albumin. With salicylic acid, fits to the 
parabolic relationship were much better than to the Langmuir model with 
two classes of binding sites ( k  = 2), as reflected by the much smaller 
coefficients of variation for the parabolic model than for the Langmuir 
model. However, fits to both models were excellent. Measures of fit5, corr 
and r2, for fitting of data to the parabolic model ranged from both being 
0.997 to both being 1.00. The corr and r2 values ranged from 0.998 and 
0.999, respectively, in 0.05 M KHzPO4 buffer to 0.995 and 0.996, re- 
spectively, in triethanolamine buffer when data were fitted to the 
Langmuir model with k = 2. 


The estimated parameters and their coefficients of variation for the 
two models (Eqs. 1 and 3) for the tolmetin-human serum albumin 
binding data are shown in Table 11. The computer fitting of data obtained 
using imidazole buffer provided no standard deviations for two of the 
estimated parameters. Again, fits to the parabolic model (as reflected by 
the lower coefficients of variation) were better than to the Langmuir 
model but were not as dramatically different as the fits with the salicylic 
acid data. However, fits to both models were extremely good. Measures 
of fit, corr and r2, for the parabolic model fitting ranged from 0.992 and 


Mallinckrodt. * Prepared by California Bionuclear Corp. 
Michigan State Department of Health. 
Sigma Chemical Co. 
Corr is the correlation coefficient for the regression of expected uersus observed 


concentrations, and r2  is the coefficient of determination. 


802 I Journal of Pharmaceutical Sciences 
Vol. 70, No. 7, July 1981 


0022-35491 8 11 0700-0802$0 1.00/ 0 
@ 198 1, American Pharmaceutical Association 







Table I-Estimated Parameters  and  The i r  Coefficients of Variation for Salicylic Acid 


Buffer 
Parabolic Model 


a b,  PM-l  


Tromethanine 


0.1 M KH2P04 


0.05 M KHzP04 


“House” 


0.05 M KHzPO4 + 0.05 M NaCl 
Imidazole 


Triethanolamine 


0.1 M NaHzP04 


1247; 
(200) 
549 


(67.0) 
753 


(194) 
1054 


(30.6) 
1086 


(16.0) 
890 
(4.6) 
684 


(134) 
541 


(61.7) 


372 
(137) 
177 


(50.2) 
281 


(106) 
244 


(28.5) 
308 


(15.1) 
297 
(9.7) 
308 


(86.6) 
180 


(48.9) 


2,276 
(911) 
2,493 
(42.8) 
1,879 
(27.3) 
5,452 
(187) 


16,610 
(726) 


2,744 
(152) 
4,779 
(83.3) 


- 


5,509 
(1578) 
2,256 
(110) 
1,546 
(195) 
9,580 
(253) 


40,925 
(766) 


3,615 
(321) 
3,859 
(130) 


- 


0.233 8.98 x 10-5 


0.215 1.05 x 10-4 
(3.2) (4.2) 
0.192 1.05 x 10-4 
(2.2) (2.4) 
0.175 1.07 x 10-4 
(3.3) (3.3) 
0.218 1.03 x 10-4 
(2.61 (3.4) 
0.244 1.04 x 10-4 
(2.7) (4.0) 
0.271 9.43 x 10-5 
(3.0) (5.5) 
0.222 7.78 x 10-5 
(3.3) (5.5) 


(2.2) (3.7) 


a Estimated parameter. Coefficient of variation (W) = (standard deviation of estimate/estimate) X 100. c Consists of 0.093 M phosphate (0.696 g of dibasic potassium 
phosphate, 0.138 g of dibasic sodium phosphate monohydrate, and 2.25 g of sodium chloride and brought to volume of 500 ml with water). 


Table 11-Estimated Parameters  and  Their  Coefficients of Variation for  Tolmetin 


Buffer 
Parabolic Model 


a b ,  PM-I 


Tromethamine 301 Ob 


(291) 
0.1 M KHzP04 ~ 140 


(60.1) 
0.05 M KH2P04 132 


(29.3) 
“House”c 156 


10.2 
(195) 
3.94 


(75.6) 
4.12 


(37.9) 
14.2 


1077 
(62.2) 
1903 
(12.7) 
2083 
(7.8) 
2109 


59.8 1.27 X lo-* 7.09 x 10-5 


6.96 x 10-5 
(22.7) (5.2) 


2.19 X loW2 
(140) 
132 ~~ ~.~ 


(36.0) (16.4) (6.5) 
6.97 x 10-5 


(10.9) (7.7) (3.9) 
216 4.75 x 10-2 6.87 x 10-5 


163 2.82 X 


(142) (24.1) (77.6) (9.3) (7.8) 


(7.1) (3.6) 


(13.9) (14.6) (10.3) (25.0) (8.5) (1.9) 


(22.5) (25.5) (5.8) (19.5) (10.8) (2.7) 


(21.1) (24.4) (10.4) (33.4) (109) (3.4) 


0.05 M KHzPO4 435 16.1 2082 300 2.85 X 7.06 x 10-5 


1.50 X 9.52 x 10-5 


Triethanolamine 212 5.79 1650 142 1.64 X lo-* 8.91 x 10-5 


0.1 M NaHzP04 332 4.74 1536 127 1.8 x 10-3 8.19 x 10-5 


(162) 


t 0.05 M NaCl (62.8) (53.3) (60.0) (134) 
Imidazole 330 8.89 1816 232 


Estimated parameter. * Coefficient of variation (%) = (standard deviation of estimate/estimate) X 100. See footnote to Table I. 


0.990, respectively, in 0.1 M KHzPO4 to both being 0.999 in imidazole. 
The corr and r2 values for fittings to the Langmuir model ranged from 
0.993 and 0.992, respectively, in tromethamine to 0.999 and 1.00, re- 
spectively, in imidazole. 


The binding of salicylic acid to two types of albumin was investigated 
a t  six temperatures, from 4 to 58 or 59O, with the higher temperature 
being different for the two types of albumin. These data were computer 
fitted to Eq. 3. With the salicylic acid-human serum albumin binding 
data, parameter b of Eq. 3 remained constant with a change in temper- 
ature when the highest temperature was excluded. The means and 
standard deviations of b were 1.06 (0.026) and 0.895 (0.047) for 4% al- 
bumin and 4% fatty acid-free albumin, respectively. The parameter a 
increased with an increase in temperature, and plots of a uersus tem- 
perature exhibited convex curvature (not shown). 


To compare estimated parameters obtained by the Langmuir and 
parabolic models, the models were manipulated to obtain limiting values 
for the ratios of bound to free drug concentrations as the total or free drug 
concentration approached zero (infinite dilution). The Langmuir model 


Table 111-Limiting Values of Ratio of Bound to  Free Drug  
Concentrations for  Salicylic Acid 


Langmuir Par a b o 1 i c 
Buffer Prediction“ Prediction 


Tromethamine 
0.1 M KH2PO.j 
0.05 M K H ~ P O A  


3.77 3.29 
4.21 3.65 
3.90 4.21 - .  


“House”C 4.89 4.71 
0.05 M KHzPO4 t 0.05 M NaCl 3.93 3.59 
Imidazole 3.46 3.10 
Triethanolamine 2.98 2.69 
0.1 M NaHzP04 4.24 3.50 


a See Eq. 4. See Eq. 5. See footnote to Table 1. 


can be manipulated to obtain the limiting relationship (7): 


c b  - p(1) p(3) 
c/ P(2)  P(4) 


For the parabolic model, the limiting relationship is: 


C b - 1 - a  


c/ a 
(Eq. 5) 


The limiting values of cb/c/ obtained from Eqs. 4 and 5 for the 
Langmuir and parabolic models, respectively, and for the binding of 
salicylic acid to human serum albumin using eight buffers are listed in 
Table 111. The limiting values for the Langmuir and parabolic models 
were comparable in each case. Limiting values for the tolmetin-human 
serum albumin binding data (not shown) also were similar. 


DISCUSSION 


Many factors can cause variability in drug-protein binding from 
subject to subject or patient to patient. Variables include age (8,9), drug 
therapy (10, l l ) ,  prolonged bedrest (12), cigarette smoking (13), and 
disease (14,15). Circadian fluctuations in drug-protein binding also can 
occur (16). Because of the individual differences in drug-protein binding, 
the binding characteristics for each subject or patient undergoing phar- 
macokinetic evaluation should be determined rather than using pooled 
plasma or serum (17). 
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Abstract 0 An innovative high-pressure liquid chromatographic method 
is described in which theophylline, ephedrine hydrochloride (measured 
as benzaldehyde), and phenobarbital are determined simultaneously with 
butabarbital as the internal standard. Chromatographic conditions were 
selected to afford a pH sufficient for rapid oxidation of ephedrine and 
relatively high UV absorbance for the barbiturates and a detection 
wavelength near the maximum for benzaldehyde and the barbiturates 
and the minimum for theophylline. Chromatograms show peaks from 
iodate, theophylline, phenobarbital, butabarbital, and benzaldehyde, 
in order of increasing retention time, all within the dynamic range of a 
conventional recorder. Procedures are provided for the assay of con- 
ventional and sustained-action tablet formulations. 


Keyphrases 0 High-pressure liquid chromatography-simultaneous 
determination of theophylline, ephedrine hydrochloride, and pheno- 
barbital, conventiona! and sustained-action tablet formulations 0 
Theophylline-simultaneous determination with ephedrine hydro- 
chloride and phenobarbital by high-pressure liquid chromatography, 
conventional and sustained-action tablet formulations Ephedrine 
hydrochloride-simultaneous determination with theophylline and 
phenobarbital by high-pressure liquid chromatography, conventional 
and sustained-action tablet formulations Phenobarbital-simulta- 
neous determination with theophylline and ephedrine hydrochloride by 
high-pressure liquid chromatography, conventional and sustained-action 
tablet formulations 


The theophylline, ephedrine hydrochloride, and phe- 
nobarbital tablet is recognized in USP XX (l), which 
provides a laborious assay in which the drug components 
are separated by chromatography on two partition col- 
umns and solvent extraction and then determined by UV 
spectrometry. Elefant et al. (2) described a GLC assay for 
this formulation, and Schultz and Paveenbampen (3) re- 
ported one for a similar suspension dosage form. Both 
methods require derivative formation, and neither has 
proved satisfactory in speed and convenience. 


High-pressure liquid chromatography (HPLC) affords 


easy separation of the three active components of the 
formulations; however, the enormous differences in their 
relative amounts and in their UV absorption maxima and 
absorptivities make their simultaneous determination by 
HPLC with UV detection a challenging analytical problem. 
This report describes an innovative solution to this prob- 
lem, affording peaks within one dynamic range span of a 
recorder. 


BACKGROUND 


Conventional tablets, the USP formulation, declare 130 mg of hydrous 
theophylline, 24 mg of ephedrine hydrochloride, and 8 mg of phenobar- 
bital; similar proportions are in sustained-action tablets. Hydrous 
theophylline shows a UV maximum a t  -271 nm with an absorptivity 
(liters per gram centimeter) of -48. Its UV spectrum is not affected 
greatly by pH. In acidic solution, ephedrine and phenobarbital have weak 
UV spectra due to their benzene ring structure, with maxima at  -256 nm 
and absorptivities of -1. 


Penner’ developed a normal-phase HPLC method using detection a t  
254 nm and an attenuation change between elution of the phenobarbital 
and theophylline peaks to keep the latter on the recorder scale. Suraski 
and DiPede2 developed this method further, using a separate injection 
of greater dilution to keep the theophylline peak within the recorder 
dynamic range. They suggested that use of a computing integrator could 
allow for one injection of all three drug components. In this method, 
ephedrine and phenobirbital are determined simultaneously and theo- 
phylline is determined separately, using the same chromatographic 
system. It is also possible to determine phenobarbital and theophylline 
together and ephedrine separately. The UV maximum of phenobarbital 
can be shifted to -240 nm with an absorptivity of -43 by raising the pH 
to 9-11, where the predominant UV chromophore is the monoanion of 
the ureide ring; however, a high pH is incompatible with HPLC column 
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Modified USP Assay of Calcium Gluceptate 


Keyphrases 0 Calcium gluceptate-modified USP assay 0 USP 
assay-modification for calcium gluceptate 


To the Editor: 
The USP assay procedure for calcium gluceptate con- 


sists of the complexometric estimation of calcium with 
ethylenediaminetetraacetic acid (1). To an accurately 
weighed amount of calcium gluceptate (-800 mg), 150 ml 
of water containing 2 ml of 3 N HC1 is added. While stir- 
ring, -25 ml of 0.05 M ethylenediaminetetraacetate di- 
sodium is added from a buret. Then 15 ml of 1 N NaOH 
and 300 mg of hydroxy naphthol blue indicator are added, 
and the titration is continued to a blue end-point. 


A similar procedure is described for the assay of pre- 
cipitated calcium carbonate, calcium chloride, calcium 
gluconate, calcium hydroxide, calcium lactate, and calcium 
levulinate and for the calcium content analysis of calcium 
pantothenate and racemic calcium pantothenate. Although 
each assay calls for the addition of hydrochloric acid, this 
step is only necessary where the calcium salt has a limited 
aqueous solubility (2,3). Since calcium gluceptate is freely 
soluble in water (4), we suggest that the addition of hy- 
drochloric acid should be omitted. Table I shows that assay 
results are not affected by the presence or absence of hy- 
drochloric acid. 


Table I-Assay of Calcium Gluceptate in the Presence and 
Absence of Hydrochloric Acid 


Assay Value, %“ 
Calcium Modified 


GhceDtate USP Method USP Method 


Source A 96.80 f 0.42 96.82 f 0.32 
(96.55-97.43) (96.54-97.10) 


Source B 97.02 f 0.39 97.16 f 0.21 
(96.51-97.42) (96.97-97.41) 


Source C 101.15 f 0.08 100.86 f 0.49 
(101.04-101.24) (100.14-101.17) 


a Mean f SD, n = 4; range is given in parentheses. * Pfanstiehl. c Givaudan. 
d Italsintex. 


The sodium hydroxide solution and the hydroxy 
naphthol blue indicator can be added to the calcium glu- 
ceptate solution at  the beginning of the assay; thus, it is 
unnecessary to interrupt titration to make these additions. 
The estimation of calcium with ethylenediaminetetraacetic 
acid using hydroxy naphthol blue as the indicator is carried 
out a t  pH 12-13 (5). The addition of 15 ml of 1 N NaOH 
solution in the official assay brings the pH to this range. 
In the absence of hydrochloric acid, -10 ml of 1 N NaOH 
solution would be sufficient to bring the pH to the required 
range. Thus, omitting the hydrochloric acid both simplifies 
the procedure and enables the amount of sodium hy- 
droxide to be reduced. 


We suggest that hydrochloric acid might be omitted in 
the assay of other freely soluble calcium salts. 


(1) “The United States Pharmacopeia,” 20th rev., United States 


(2) A. Q. Butler, F. A. Maurina, and F. A. Morecombe, J.  Pharm. Sci., 


(3) R. W. Goettsch, ibid., 54,317 (1965). 
(4) “The United States Pharmacopeia,” 20th rev., United States 


(5) A. Itoh and K. Ueno, Analyst, 95,583 (1970). 


Pharmacopeial Convention, Rockville, Md., 1980, p. 107. 


54,134 (1965). 


Pharmacopeial Convention, Rockville, Md., 1980, p. 1125. 
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Observed Artifacts due to  Pellet Preparation in 
IR Spectrometry 


Keyphrases IR spectrometry-observed artifacts due to pellet 
preparation R Pellets-observed artifacts due to preparation, IR spec- 
trometry 


To the Editor: 
IR spectrometry is required for identifying organic 


substances by most pharmacopeia and official compendia 
such as the USP XIX and the NF XIV (1,2). The USP 
recommends: “Chemically identical substances of differing 
polymorphic forms often exhibit different infrared spectra 
when examined in the solid state. If a difference appears 
in the spectra, dissolve portions of both the sample and the 
reference standard in a suitable solvent, evaporate the 
solution to dryness, and repeat the test on the residues” 
(1). Differences resulting from polymorphism are consid- 
ered to be the major reason for errors. 


Certain secondary and tertiary amine derivatives such 
as bupivacaine, cinnarizine, and many butyrophenones 
have the same spectrum, in part or in whole, for their hy- 
drochloride, hydrobromide, and free base forms when they 
are dissolved in methanol, ethanol, or isopropanol and if 
grinding with potassium bromide is prolonged. 
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Figure 1-Spectrum of moperone base; grinding with potassium bro- 
mide without any solvent. 


’ ---., , . . ,  , , 1 , , . , . . , , . , . , . 
4000 3000 2000 1500 1000 500 


WAVE NUMBER, ern-’ 
Figure 2-Spectrum of moperone hydrochloride; grinding with po- 
tassium bromide without any soluent. 


In the case of amine hydrochloride, the exchange of 
chlorine ions with bromine ions was reported (3,4). How- 
ever, this explanation is unsatisfactory for the free base 
form. The presence of very intense absorption bands be- 
tween 2650 and 2500 cm-l, indicating nitrogen protona- 
tion, was confirmed (Figs. 1-3). In the case of moperone, 
the hydrobromide reextracted from the potassium bromide 
pellet by a minimum volume of methanol shows a final 
melting temperature of 184O, determined by thermomi- 
croscopy, even though melting temperatures of the hy- 
drobromide, hydrochloride, and free base forms are 186, 
222, and 123”, respectively. It was reported (5) that amine 
salts having a protonated nitrogen atom of the NH?, NH:, 
or NH+ type possess characteristic frequencies of 4000- 
2000 cm-l. 


The hydrobromide form of moperone (reextracted from 
potassium bromide pellets) was confirmed using X-ray 
diffraction. The spectra present the characteristic mo- 
perone hydrobromide pattern, including intense bands 
corresponding to d values of 0.64,5.29,5.16,4.89,4.78,4.25, 
3.68, and 3.61 A. Identical results were obtained with 
pharmaceutical organic raw materials such as bupivacaine, 


-. 
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Figure 3-Spectrum of moperone base or hydrochloride; grinding with 
potassium bromide and solvent. 


cinnarizine, diethylpropion, diisopromine, fenfluramine, 
fluanisone, haloperidol, homatropine, and moperone. 


The hydrobromide formation may be attributed to at- 
mospheric carbon dioxide combined with the entropy of 
the system since the potassium bromide effect persists 
when sodium redistilled methanol or pyridine and potas- 
sium bromide solutions (pH 10) are used. Thus, it is im- 
portant not to attribute the spectral consequences of this 
potassium bromide effect to the existence of a new poly- 
morphic form. 


Easton, Pa., 1975, p. 664. 


Pa., 1975, p. 1969. 


(1) The United States Pharmacopeia, 19th rev., Mack Publishing Co., 


(2) “The National Formulary,” 14th ed., Mack Publishing Co., Easton, 


(3) J. Carol, J.  Pharm. Sci., 50,451 (1961). 
(4) S. C. Mutha and W. B. Ludeman, ibid., 65,1400 (1976). 
( 5 )  W. E. Thompson, R. J. Warren, I. B. Eisdorfer, and J. E. Zarembo, 


R. P. Bouche 
M. Azibi 
M. G .  Draguet-Brughmans 
Facult4 de MBdecine-Ecole de Pharmacie 
Laboratoire d’Analyse des MBdicaments 
Universit.6 Catholique de Louvain 
73, avenue E. Mounier-BP. 7340 
1200 Bruxelles, Belgium 


ibid., 54,1819 (1965). 


Received December 1,1980. 
Accepted for publication May 21,1981. 


First-Pass Clearance of Lidocaine in Healthy 
Volunteers and Epileptic Patients: 
Influence of Effective Liver Volume 


Keyphrases Lidocaine-first-pass clearance in healthy volunteers 
and epileptic patients compared 0 Bioavailability-lidocaine, compared 
in healthy volunteers and epileptic patients, influence of effective liver 
volume 0 Hepatic retention-effect on first-pass clearance of lidocaine, 
healthy volunteers and epileptic patients compared 


To the Editor: 


Recent reports (1, 2) compared the absolute oral bio- 
availability of lidocaine in epileptic patients receiving 
chronic anticonvulsant drug therapy to that in normal 
healthy volunteers not receiving enzyme-inducing drugs. 
The authors of these reports concluded that the greater 
than twofold reduction in absolute availability observed 
in the epileptic patients was the result of increased hepatic 
first-pass metabolism caused by the chronic administra- 
tion of anticonvulsant drugs. 


The present study considers the possible impact of in- 
creased hepatic retention, rather than increased metabolic 
activity, on reduced bioavailability using the first-pass 
perfusion model presented in Scheme I. The model was 
used to simulate the effect of increased hepatoportal re- 
tention of lidocaine that could result from the induction 
of nonenzyme-related protein synthesis in the eliminating 
organ. The product of the liver volume ( V H )  and liver re- 
tention ( R H )  is the effective liver volume (3). Therefore, 
by definition, an increase in liver mass or hepatic tissue 
binding is reflected as an increase in hepatic organ clear- 
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Table 11-Hemolysis of Erythrocytes in Isosmotic Solutions 


Isosmotic 
Concentration, Hemolysis, Approximate 


Substances % wlv % DH 


Carbazochrome salicylate 
Cefazolin sodium 
Cephapirin sodium 
Dopamine hydrochloride 
Etidocaine hydrochloride 
Isoetharine hydrochloride 
Ketamine hydrochloride 
Potassium thiocyanate 
Sodium nitroprusside 
Sodium thiocyanate 
Terbutaline sulfate 
Ticarcillin disodium 


2.57 82 
8.77 0 
7.80 3b 
3.11 6 
5.08 100 
4.27 8 
4.29 41 
1.52 0 
3.30 50 
1.27 Trace 
6.75 11 
4.62 Trace 


9.4 
4.6 
6.7c 
4.6 
4.3 
4.1 
3.3 
6.3 
9.1 
5.0 
4.1 
5.2 


Solution turned orange. * Solution turned yellow. The pH waa determined 
after addition of erythrocytes. Solution turned red brown. 


The percent of hemolysis found for the 12 isosmotic solutions studied, 
the isosmotic concentration used for each, and the solution’s approximate 
pH before the addition of erythrocytes are listed in Table 11. Any no- 
ticeable change in appearance of the erythrocytes or the solution was 
indicated. Of the 12 compounds studied, only four isosmotic solutions 
prevented hemolysis of human erythrocytes. 


A compilation of the 305 substances whose isosmotic solutions were 
studied using the present hemolytic method shows that 144 failed to 
prevent hemolysis while 161 prevented hemolysis. Care must be taken 
not to equate isotonicity and isosmoticity without knowledge of the 
corresponding data whenever a biological membrane is utilized. This 
aspect was discussed previously (2,4,6-9). 


Earlier studies (3-5) showed apparent aggregation of some substances 
in aqueous solution. In the present study, the cryoscopic graphs of ce- 
famandole nafate and cefoxitin sodium (whcse aqueous solutions foamed 
considerably) showed a slight discontinuity a t  1%, suggesting that some 
aggregation may have taken place above that concentration; however, 


this phenomenon was not as distinct as with the previously reported 
drugs. Likewise, solutions of piperacillin sodium, propantheline bromide, 
and propranolol foamed considerably, suggesting that their surface 
tensions also were lowered; however, a plot of their cryoscopic graphs did 
not indicate aggregation. A sufficient number of compounds in the total 
study did tend to aggregate in solution, which suggeata that this interfacial 
phenomenon may play a role in drug action by affecting biological ac- 
tivity. Associations taking place in the complex biological medium un- 
doubtedly affect the thermodynamic activity of a given drug at  the mo- 
lecular level and, therefore, warrant increased study. 
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Abstract An improved liquid chromatographic assay for serum fto- 
rafur and fluorouracil is shown to be routine, sensitive, and reproducible 
using 200 p1 of serum. Dilute ammonium acetate buffer at pH 10.2 is used 
for solubilization of the evaporated ethyl acetate extract for injection into 
the liquid chromatograph. A stability study indicated little or no in vitro 
formation of fluorouracil from ftorafur under the conditions described. 
Low serum fluorouracil levels were found after administration of thera- 
peutic doses of ftorafur. 


Keyphrases 0 Liquid chromatographic assay-improved results for 
fluorouracil in presence of ftorafur Ftorafur-stability study, no in 
vitro formation of fluorouracil Anticancer agent-ftorafur potential 
for treatment of GI cancers 


The recent development of an oral dosage form of the 
antineoplastic ftorafur [R 1s-I- (tetrahydro-2-furany1)- 
5-fluorouracil] (I) has added new potential for the treat- 
ment of GI cancers on an outpatient basis. Ftorafur is 
generally considered to be a prodrug for fluorouracil (II), 
which, in turn, derives its cytotoxicity from its structural 


resemblance to uracil (IV). Inspection of the structure of 
I, 11, and IV reveals the structural similarities between 
these molecules, and comparison of I and I11 indicates the 
unusual tetrahydrofuranyl ring of ftorafur. 


BACKGROUND 


During initial human studies with bolus ftorafur, investigators reported 
circulating levels of fluorouracil greater than those found after continuous 
intravenous infusion of fluorouracil (1, 2). In addition, there is some 
clinical similarity between bolus ftorafur and infusional fluorouracil in 
terms of patient toxicity (3). These findings suggested that the cytotoxic 
mechanism of ftorafur was probably due to the slow release of fluorouracil 
into the systemic circulation. 


However, in a more recent study with bolus ftorafur, very low circu- 
lating levels of fluorouracil were reported and fluorouracil was not de- 
tected in the serum 8 hr after ftorafur administration (4). This report 
suggested that the high fluorouracil levels reported previously were the 
reault of in vitro breakdown of brafur  or perhaps its more labile dehydro 
metabolite (5). This metabolite is thought to differ from ftorafur by only 
a double bond located in an undetermined pdition in the furanyl ring 
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(5, 6). In view of these divergent results and the importance of deter- 
mining whether serum fluorouracil levels resulting from ftorafur ad- 
ministration could be related to patient efficacy and toxicity as indicated 
with infusional fluorouracil (7), levels of circulating fluorouracil were 
determined in patients on bolus ftorafur protocols (6). 


In initial attempts to adopt existing liquid chromatographic assays for 
ftorafur and fluorouracil in this laboratory, great difficulty was experi- 
enced in obtaining results either routinely or reproducibly for fluorouracil. 
These problems were caused mainly by interfering peaks of varying sizes 
from serum to serum and partly by peak broadening with the use of 
methanol a~ the injection solvent. To overcome these difficulties, an assay 
originally developed by other researchers (8) was modified. The modified 
assay is very sensitive and reproducible and is readily adaptable to routine 
therapeutic drug monitoring of fluorouracil in the presence of ftorafur 
and its labile metabolite, dehydroftorafur. A stability study revealed little 
or no formation of in uitro fluorouracil during assay or storage, and pa- 
tient serum data confirm low levels of circulating fluorouracil with fto- 
rafur doses as high as 5 g/m2. 


EXPERIMENTAL 


Subjects and Clinical Protocols-Blood samples were taken from 
five patients with various GI carcinomas during 15 treatment cyclesof 
a Phase I clinical trial of combined ftorafur and radiation therapy. Each 
cycle consisted of total daily ftorafur doses of 1.5-2.0 g/m2 for 5 days and 
concurrent daily radiation doses of 250 rads starting on the 2nd day for 
4 days. Each cycle was followed by 9 days of rest before the next treatment 
cycle. Ftorafur was administered orally three times daily with meals, and 
the serum samples were drawn 1 4  hr after the midday dose. One patient 
was given a single intravenous 2-hr infusion of 5.0 g of ftorafur/m2. Blood 
samples were taken periodically during and for up to 24 hr after the 
infusion. All serum samples were frozen at -20" until analysis. 


Reagents and Apparatus-Analytical standards of ftorafurl, fluo- 
rouraci12, and thymidine2 were used as supplied. All solvents were nan- 
ograde quality. 


The analysis of serum fluorouracil, ftorafur, and dehydroftorafur was 
performed on a microprocessor-controlled high-performance liquid 
chromatograph3 equipped with a variable-wavelength detector, automatic 
sampling system, and a 4-mm X 30-cm reversed-phase column4. The 
column was run at ambient temperatures at a flow rate of 2 ml/min. The 
elution solvent varied from 3 to 6% methanol in 0.01 M aqueous sodium 
acetate (pH 4.0), yielding retention times of 2.9,23, and 27 min for fluo- 
rouracil, ftorafur, and dehydroftorafur, respectively. The variable UV 
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Figure 1-Liquid chromatographic profile of a patient serum using 100 
p l  of 0.01 M ammonium acetate (pH 10.2) as the injection soluent for 
the evaporated ethyl acetate extract of 200 p1 of serum. Chart speed was 
changed from 0.8 to 0.15 cmlmin at 6.5 min. 


detector was set a t  a sample wavelength of 270 nm and a reference 
wavelength of 330 nm with full-scale absorbance set a t  0.003 unit. 


Extraction Procedure-To a 10-ml screw-capped disposable glass 
tube were added 200 pl of serum; either 100 p1 of water, fluorouracil, or 
ftorafur solution; 40 p1 of thymidine internal standard (100 jtg/ml serum); 
40 pl of 0.5 M sodium phosphate buffer; and 6 ml of ethyl acetate. The 
tubes were shaken vigorously for 3 min and centrifuged at 2000 rpm for 
15 min (100OXg). The organic phase was transferred to a second 10-ml 
tube and evaporated to dryness under nitrogen at  50". Then 100 pl of 0.01 
M ammonium acetate (pH 10.2) was added to the dried extract, and the 
tube was sonicated for 30 min. The extract was transferred to a microvial 
and capped, and 25 pl was injected into the liquid chromatograph. 


Along with patient samples and the control, each assay included two 
duplicate reference standards for fluorouracil at concentrations of either 
50 or 100 ng/ml and two ftorafur reference standards at  concentrations 
of 50 and 100 pg/ml for quantitation of both ftorafur and dehydroftorafur. 
When filtration was used as a substitute for extraction and concentration, 
serum was passed through centriflow-membrane filters5 before injection 
into the liquid chromatograph. 


RESULTS AND DISCUSSION 


The most important modification to the original assay (8) is the use 
of 0.01 M ammonium acetate a t  pH 10.2 instead of methanol to take up 
the dried ethyl acetate extract. This approach leads to other modifications 
by taking advantage of the anionic form of the fluoropyrimidines oc- 
curring at alkaline pH. Many materials extracted by ethyl acetate are not 
soluble in the aqueous pH 10.2 solvent. With the modified procedure, the 
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extraction ratio of ethyl acetate to serum can be increased from 8:l to 161; 
this change increases the recovery of fluorouracil from -50 to  70% and 
still eliminates interferences with the fluorouracil peak. 


Figure 1 is a typical serum profile. When methanol is used as the in- 
jection solvent, mixing occurs more slowly, which effectively broadens 
peaks not well retained by the column. These faster eluting peaks are 
much sharper with the use of the aqueous solvent. This increased peak 
definition, combined with cleaner spectra and greater fluorouracil re- 
covery, results in a lower and constant serum requirement of 200 p1 from 
which concentrations as low as 10 ng/ml of fluorouracil can be reliably 
and routinely detected. Many blank serum samples as well as patient 
serum samples have been tested with this procedure, and none produced 
interfering Deaks. 


Table I-Mean and Standard Deviation of the Serum 
Concentrations for the Three Fluoropyrimidines Monitored in 
Five Patients on Oral Ftorafur Chemotherapy * 


Total 
Daily 
Dose, Ftorafur, Dehydroftorafur, Fluorouracil, 


Patient g/m2 pg/ml P d m l  ng/ml n b  


BH 1.5 7 6 f  14 0.87 f 0.35 70% 15 6 
FLJ 1.5 5 0 f  14 0.76 f 0.31 63 f 17 8 


FT 2.0 7 9 f  15 - 6 4 f 2 2  7 
NR 2.0 7 3 f 2 3  1.6 f 0.45 7 6 f 3 0  10 


RW 1.5 9 6 f 3 5  - 45 . f36  9 


a Ftorafur range = 34-147 pg/ml. Fluorouracil range = 9-133 ng/ml. Number The pricidure offers two other benefits that are not clearly demon- 
strated in Fig. 1. Thymidine in microgram amounts was proven to  be a 
reliable internal standard for the fluorowrimidines after numerous runs 


samples monitored, 


showed that very few peaks of any sizi"other than ftorafur and dehy- 
droftorafur eluted after -7-8 min from injection. Naturally occurring 
thymidine appears in low nanogram amounts in serum and contributes 
<1% to the much higher amounts of thymidine spiked into serum. An- 
other advantage is a decrease in solubilization of less polar and more 
strongly retained compounds extracted by ethyl acetate. These materials 
are soluble in methanol and often become interferences in subsequent 
injections into the liquid chromatograph. This decrease in slowly eluting 
peaks allows a far more reliable use of automated injection capabilities. 
Ten to 20 samples can be processed for injection in 2-3 hr, and the liquid 
chromatograph can be programmed to inject automatically day or 
night. 


To determine truly representative systemic fluorouracil levels in the 
presence of ftorafur, it is important to demonstrate that the fluorouracil 
concentration measured is not a result of the breakdown of ftorafur or 
the more labile dehydroftorafur during storage or assay. Briefly, ftorafur 
and dehydroftorafur did not contribute in uitro to fluorouracil concen- 
trations in serum when stored a t  -20° for up to 6 weeks or when stored 
for up to 10 hr in 0.01 M ammonium acetate (pH 10.2) a t  room temper- 
ature. No fluorouracil could be detected after extraction and chroma- 
tography of purified ftorafur spiked into blank serum. A negligible flu- 
orouracil concentration was detected after extraction and chromatog- 
raphy of dehydroftorafur spiked into blank serum; however, the dehy- 
droftorafur had been concentrated by lyophilization during which con- 
version of dehydroftorafur to fluorouracil previously was demon- 
strated. 


Storage and reproducibility were conveniently checked by monitoring 
the control samples included in daily assays. These samples were from 
a ftorafur patient serum, which had been divided into 200-4 aliquots and 
frozen at  -20" until assayed. Day-to-day variations in the fluorouracil 
levels of 10 of these aliquots were small and random, indicating that no 
measurable fluorouracil originated from ftorafur and dehydroftorafur 
for up to 6 weeks of storage at  -20". The coefficient of variation for the 
control samples was 4.8% for fluorouracil a t  a mean concentration of 44 
ng/ml. The mean and coefficient of variation for ftorafur were 64 pg/ml 
and 5.8%, respectively, while the corresponding values for dehydroftorafur 
were 1.1 fig/ml and 9.4%. 


The contribution to fluorouracil from ftorafur a t  a concentration of 
-100 pg/ml was negligible during extraction and chromatography. Thi6 
result was determined by injecting a very concentrated aqueous solution 
of ftorafur into the liquid chromatograph to separate it from any con- 
taminating fluorouracil. The ftorafur peak was collected, and an aliquot 
of the unconcentrated and fluorouracil-free ftorafur solution was spiked 
into a blank serum to give a concentration of -100 pg/ml. The spiked 
serum was extracted and chromatographed as usual; no measurable 
fluorouracil peak was found in the elution profile. 


Since a purified and concentrated form of dehydroftorafur was not 
available, it was not possible to repeat an identical experiment with the 
metabolite. Therefore, dehydroftorafur had to be isolated from fluo- 
rouracil and ftorafur by liquid chromatography of patient serum. For 
isolation of dehydroftorafur. the column elution buffer was changed from 
sodium acetate to ammonium acetate; the collected dehydroftorafur 
fraction was immediately titrated to pH -10 for concentration by ly- 
ophilization. The reconstituted dehydroftorafur was spiked into a blank 
serum to give an approximate concentration of 1 pg/ml. Extraction and 
chromatography of the spiked serum resulted in a small 5-fluorouracil 
concentration of 15 ng/ml. However, it previously had been shown that 
similar lyophilization of ftorafur resulted in measurable fluorouracil 
formation. Since dehydroftorafur is even more labile, this would indicate 
that the formation of fluorouracil was a result of the lyophilization step, 
which is not part of the routine assay. In addition, serum dehydroftorafur 


concentrations have been typically <5% of ftorafur serum concentra- 
tions. 


If the instrument is used unattended in the automatic injection mode, 
the last sample to be injected will sit in the pH 10.2 solution for up to 10 
hr more than the first sample injected. T o  test this situation, multiple 
extractions were performed on another patient serum having a ftorafur 
concentration of 124 pg/ml and a dehydroftorafur concentration of 1.5 
pg/ml. The dried extracts were brought up in the pH 10.2 buffer, and the 
samples were injected so that 10 hr elapsed from the first to last injection. 
The initial concentration of fluorouracil measured in this sample was 53 
ng/ml, and only small random changes (coefficient of variation of 4.3%) 
were seen over the 10-hr period in the three fluoropyrimidine concen- 
trations. These results were routinely confirmed several times by placing 
the first sample injected behind the last sample for automatic reinjec- 
tion. 


Table I shows the average serum levels for five patients treated with 
several cycles of concurrent radiation and oral ftorafur chemotherapy. 
On a molar basis, the dosages are approximately equivalent to the 5-day 
dosage of fluorouracil given during direct intravenous infusion of 25 
mg/kg/24 hr. This dosage of fluorouracil generates serum fluorouracil 
levels starting near 100 ng/ml to >500 ng/ml(9). The highest serum flu- 
orouracil concentrations achieved in the ftorafur patients were com- 
paratively low, and only three of the 40 values exceeded 100 ng/ml. In a 
different protocol, Patient BH was given a single intravenous bolus dose 
of 5.0 g/m2 of ftorafur and serum levels of the three fluoropyrimidines 
were monitored for 24 hr after the dose. This dose was more than three 
times this patient's daily 1.5 g/m2 of oral ftorafur given during the regular 
5-day cycle. The ftorafur level a t  2 hr was 250 pg/ml with a fluorouracil 
level of 150 ng/ml. At 24 hr, the ftorafur concentration had dropped to 
90 pg/ml with a fluorouracil level of only 85 ng/ml. 


Serum fluorouracil concentrations in the 1-2-pg/ml range were re- 
ported for up to 24 hr after a ftorafur intravenous bolus dose of 5 g/m2 
(2). However, the latter data were acquired using a somewhat different 
method. The serum had been filtered through a 50,000 molecular weight 
cutoff filter and injected directly into the liquid chromatograph with 
water as the column eluant. As a check on methodological differences, 
the 2- and 24-hr serum samples from Patient BH were repeated using 
the filtration method with 0.1 M sodium acetate, 5% methanol (pH 4.0), 
or water as the column eluant. Both 200- and lOOO-ng/ml fluorouracil 
standards were run concurrently with these samples, which demonstrated 
fluorouracil peaks smaller than the 200-ng/ml standard with both column 
eluants. 


The assay is sensitive and reproducible, and there appears to be little 
or no in uitro formation of fluorouracil during storage or assay under the 
conditions described. With just minor variations, the assay is now rou- 
tinely used to monitor fluorouracil serum and cerebrospinal fluid con- 
centrations in fluorouracil infusion patients instead of the more complex 
GLC-mass spectrometric assay used previously (7,lO). Ftorafur patient 
data indicate that ftorafur does not release fluorouracil into the serum 
in concentrations comparable to levels seen during fluorouracil infusion 
regimens. Furthermore, the data indicate that fluorouracil does not ac- 
cumulate in the serum to infusional fluorouracil levels during repeated 
5-day oral administration of therapeutic doses of ftorafur. 
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Abstract A high-performance liquid chromatographic method was 
developed for the simultaneous measurement of tolbutamide and its 
major metabolite, carboxytolbutamide, in plasma. The assay involves 
the ether extraction of 1 ml of plasma, using chlorpropamide as an in- 
ternal standard. The extract is dried, the residue is taken up in acetoni- 
trile, and 5 pl is injected into a reversed-phase column. The mobile phase 
consisted of 35% acetonitrile and 65% 0.05 M phosphoric acid buffer (pH 
3.9). A fiied-wavelength detector was set a t  254 nm. The sensitivity limits 
for the tolbutamide and carboxytolbutamide assay were 2 and 0.1 pg/ml, 
respectively. The ratio of carboxytolbutamide to tolbutamide in plasma 
obtained from a subject given a 500-mg tolbutamide tablet was -1:20. 


Keyphrases o Tolbutamide-simultaneous high-performance liquid 
chromatographic assay with carboxytolbutamide, human plasma 0 
Carboxytolbutamide-simultaneous high-performance liquid chroma- 
tographic assay with tolbutamide, human plasma 0 High-performance 
liquid chromatography-simultaneous assay of tolbutamide and car- 
boxytolbutamide 


Tolbutamide is an oral hypoglycemic agent used for the 
chronic treatment of diabetes mellitus of the maturity- 
onset type. After oral administration to humans, -85% of 
the dose is excreted in the urine as the carboxy metabolite 
(1-butyl-3-p-carboxyphenylsulfonylurea) and the hy- 
droxymethyl metabolite (1-butyl-3-p-hydroxymethyl- 
phenylsulfonylurea) (l), both inactive. 


BACKGROUND 


The pharmacokinetics of tolbutamide in patients is highly variable, 
with apparent half-lives ranging from -2 to 25 hr (2,3). Because of this 
variability, .it was suggested that plasma tolbutamide concentrations 
should be determined in patients receiving this drug (2, 4). The bio- 
availability of tolbutamide after oral administration was shown to be 
influenced by the salt form (5), the surface area (6), and the excipients 
present in the formulation (7). These observations are particularly sig- 
nificant since changes in the serum glucose concentrations show a good 
relationship to the time course of tolbutamide in plasma (5,7). Therefore, 
an assay method for tolbutamide and its metabolites would be useful in 
pharmacogenetic studies, therapeutic drug monitoring, and bioavail- 
ability studies. 


Colorimetric (8-12) and UV (13) methods lack sensitivity and speci- 
ficity. Methods involving GLC (14-17) require derivatization of the drug. 
More recently, high-performance liquid chromatographic (HPLC) 
methods were developed (18,19). One method (18) is suitable for the 
determination of tolbutamide and its major metabolite, carboxytolbu- 
tamide, but does not use an internal standard and is not sensitive enough 
to quantitate the low metabolite levels reported previously (20). Another 
method (19) uses chlorpropamide as an internal standard but does not 
measure carboxytolbutamide simultaneously. 


EXPERIMENTAL 


Reagents and Chemicals-Tolbutamide', carboxytolbutamide', 
chlorpropamidez, ethes, a~etonitrile~, hydrochloric acid4, and phosphoric 
acid6 were used. 


HPLC-Deionized water (1 ml) and 1 ml of chlorpropamide internal 
standard (30 pg/ml) were added to 1 ml of plasma in a 20-ml centrifuge 
tube with a polytef-lined screw cap. After mixing, 0.1 ml of 1.3 N HCl was 
added; the mixture was extracted with 10 ml of ether for 15 min by gentle 
shaking on a platform shaker. After centrifugation at  -loo for 15 min 
at 3000 rpm, the ether layer was transferred to a 15-ml conical tube and 
evaporated under nitrogen at 40°. The residue was taken up in 100 pl of 
acetonitrile and vortexed for 30 sec, and 5 pl was injected into the HPLC 
system. 


The HPLC system consisted of a sample injectofi, a mobile phase 
pump' operated at  2.5 ml/min (2000 psi), a reversed-phase column8, a 
fixed-wavelength UV absorbance detectors at 254 nm (aufs 0.011, and 
a recorderlo operated at  0.5 cm/min. The mobile phase consisted of 35% 
acetonitrile and 65% 0.05 M phosphoric acid buffer (pH 3.9). Column 
temperature was maintained a t  28O. After each use, the column was 
washed with water followed by methanol to avoid damage by the buffer 
in the mobile phase. 


Preparation of Standard Curves-A standard solution was prepared 
to contain 100 pg of tolbutamide/ml and 5 pg of carboxytolbutamide/ml 
in 0.1 N NaOH. Aliquots of this solution were diluted with deionized 
water to yield standards containing 2,5,10,20,40,60, and 80 pg of tol- 
butamide/ml and 0.1,0.25,0.5, l, 2,3, and 4 pgof carboxytolbutamide/ml. 
The internal standard solution contained 30 pg of chlorpropamide/ml 
in 0.0005 N NaOH. One milliliter of the tolbutamide-carboxytolbut- 
amide solution and 1 ml of the chlorpropamide solution were added to 
1 ml of pooled human plasma, and the mixture was assayed. Standard 
curves were prepared using duplicate samples a t  each concentration by 
plotting peak height ratio (tolbutamide to internal staedard or car- 
boxytolbutamide to internal standard) versus drug or metabolite con- 
centration. 


Stability Studies-Three 20-ml samples of pooled plasma were spiked 
with 20 ml of water, 20 ml of an aqueous standard containing 10 pg of 
tolbutamide/ml and 0.5 pg of carboxytolbutamide/ml, or 20 ml of an 
aqueous standard containing 80 pg of tolbutamide/ml and 4 pg of car- 
boxytolbutamide/ml. Each portion of spiked plasma was separated into 
individual 8-ml portions and stored frozen at -loo for subsequent assay 
after 1,2, and 4 weeks. A sample of each also was assayed immediately 
after preparation. 
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7 Model M6000, Waters Associates, Milford, Mass. 
8 pBondapak CIS, Waters Associates, Milford, Mass. 
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Abstract 0 An innovative high-pressure liquid chromatographic method 
is described in which theophylline, ephedrine hydrochloride (measured 
as benzaldehyde), and phenobarbital are determined simultaneously with 
butabarbital as the internal standard. Chromatographic conditions were 
selected to afford a pH sufficient for rapid oxidation of ephedrine and 
relatively high UV absorbance for the barbiturates and a detection 
wavelength near the maximum for benzaldehyde and the barbiturates 
and the minimum for theophylline. Chromatograms show peaks from 
iodate, theophylline, phenobarbital, butabarbital, and benzaldehyde, 
in order of increasing retention time, all within the dynamic range of a 
conventional recorder. Procedures are provided for the assay of con- 
ventional and sustained-action tablet formulations. 


Keyphrases 0 High-pressure liquid chromatography-simultaneous 
determination of theophylline, ephedrine hydrochloride, and pheno- 
barbital, conventiona! and sustained-action tablet formulations 0 
Theophylline-simultaneous determination with ephedrine hydro- 
chloride and phenobarbital by high-pressure liquid chromatography, 
conventional and sustained-action tablet formulations Ephedrine 
hydrochloride-simultaneous determination with theophylline and 
phenobarbital by high-pressure liquid chromatography, conventional 
and sustained-action tablet formulations Phenobarbital-simulta- 
neous determination with theophylline and ephedrine hydrochloride by 
high-pressure liquid chromatography, conventional and sustained-action 
tablet formulations 


The theophylline, ephedrine hydrochloride, and phe- 
nobarbital tablet is recognized in USP XX (l), which 
provides a laborious assay in which the drug components 
are separated by chromatography on two partition col- 
umns and solvent extraction and then determined by UV 
spectrometry. Elefant et al. (2) described a GLC assay for 
this formulation, and Schultz and Paveenbampen (3) re- 
ported one for a similar suspension dosage form. Both 
methods require derivative formation, and neither has 
proved satisfactory in speed and convenience. 


High-pressure liquid chromatography (HPLC) affords 


easy separation of the three active components of the 
formulations; however, the enormous differences in their 
relative amounts and in their UV absorption maxima and 
absorptivities make their simultaneous determination by 
HPLC with UV detection a challenging analytical problem. 
This report describes an innovative solution to this prob- 
lem, affording peaks within one dynamic range span of a 
recorder. 


BACKGROUND 


Conventional tablets, the USP formulation, declare 130 mg of hydrous 
theophylline, 24 mg of ephedrine hydrochloride, and 8 mg of phenobar- 
bital; similar proportions are in sustained-action tablets. Hydrous 
theophylline shows a UV maximum a t  -271 nm with an absorptivity 
(liters per gram centimeter) of -48. Its UV spectrum is not affected 
greatly by pH. In acidic solution, ephedrine and phenobarbital have weak 
UV spectra due to their benzene ring structure, with maxima at  -256 nm 
and absorptivities of -1. 


Penner’ developed a normal-phase HPLC method using detection a t  
254 nm and an attenuation change between elution of the phenobarbital 
and theophylline peaks to keep the latter on the recorder scale. Suraski 
and DiPede2 developed this method further, using a separate injection 
of greater dilution to keep the theophylline peak within the recorder 
dynamic range. They suggested that use of a computing integrator could 
allow for one injection of all three drug components. In this method, 
ephedrine and phenobirbital are determined simultaneously and theo- 
phylline is determined separately, using the same chromatographic 
system. It is also possible to determine phenobarbital and theophylline 
together and ephedrine separately. The UV maximum of phenobarbital 
can be shifted to -240 nm with an absorptivity of -43 by raising the pH 
to 9-11, where the predominant UV chromophore is the monoanion of 
the ureide ring; however, a high pH is incompatible with HPLC column 


M. H. Penner. Warner-Lambert Research. Morris Plains. N.J.. Aue. 1974. . . I  


personal communication. 
H. Suraski and J. DiPede, Warner-Lambert Canada, Scarborough, Ontario, 


Canada, Mar. 1976, personal communication. 
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stability. The UV spectrum of ephedrine is not affected significantly by 
changes in pH. 


One solution to the problems of simultaneous determination of all three 
drugs in conventional and sustained-action tablets is described here. A 
reversed-phase HPLC method was developed with butabarbital as the 
internal standard. The internal standard solution contains periodate, 
which oxidizes ephedrine to benzaldehyde without affecting theophylline 
or the barbiturates. UV detection is a t  241 nm, at  the maximum for the 
barbiturates and benzaldehyde and near the absorption minimum for 
theophylline, thus minimizing the concentration difference. All three drug 
components and the internal standard are on scale so the method can be 
employed using peak responses from a recorded chromatogram as well 
as from computerized data reduction systems. 


EXPERIMENTAL 


Apparatus-The HPLC instrument included a solvent delivery sys- 
tern3, a microparticulate reversed-phase column of octadecylsilane 
bonded on silica4, and a UV detector5 set a t  241 nm. An automatic sam- 
pler6 and a computing integrator7 were used. 


Mobile Phase-Acetonitrile (240 ml) was mixed with pH 7.8,O.Ol M 
phosphate buffer (760 ml). 


Internal Standard-Butabarbital sodium (25 mg) was dissolved in 
1.7% (w/v) dibasic potassium phosphate solution (50 ml). Then 40 ml of 
this solution was mixed with 10 ml of 1% (w/v) sodium metaperiodate 
solution. 


Standard Preparation-Tablets-About 120 mg of theophylline 
USP reference standard, 8 mg of phenobarbital USP reference standard, 
and 25 mg of ephedrine sulfate USP reference standard were weighed 
accurately and transferred to a 200-ml volumetric flask. The standards 
were dissolved in 10 ml of methanol and -100 ml of chloroform and di- 
luted to the mark with chloroform. Then 15.0 ml of this solution was pi- 
petted into a 50-ml volumetric flask and diluted to volume with chloro- 
form. 


Sustained-Action Tablets-About 204 mg of theophylline USP ref- 
erence standard, 25 mg of phenobarbital USP reference standard, and 
53 mg of ephedrine sulfate USP reference standard were weighed accu- 
rately into a 200-ml volumetric flask. This mixture was dissolved in 10 
ml of methanol and -100 ml of chloroform and diluted to volume with 
chloroform. Then 20.0 ml of this solution was pipetted into a 100-ml 
volumetric flask and diluted to volume with chloroform. 


Assay Preparation-Tablets-Not less than 20 tablets were weighed 
and finely powdered. A portion of the powdered tablets equivalent to 
about one average tablet weight was weighed accurately, transferred to 
a 200-ml volumetric flask, and shaken mechanically for 20 min with 10 
ml of methanol and 100 ml of chloroform. Chloroform was added to the 
mark, the solution was mixed and filtered, and exactly 15.0 ml of the 
filtrate was diluted to 50 ml in a volumetric flask with chloroform. 


Sustained-Action Tablets-Not less than 20 tablets were weighed and 
finely powdered. An amount of powder equivalent to about one average 
tablet weight was weighed accurately, transferred to a 200-ml volumetric 
flask, and shaken mechanically for 20 min with 10 ml of methanol and 
100 ml of chloroform. Chloroform was added to the mark, and the solution 
was mixed and filtered. Then 20.0 ml of the filtrate was pipetted into a 
100-ml volumetric flask and diluted to volume with chloroform. 


Procedure-The assay preparation (10.0 ml) and standard preparation 
(10.0 ml) were pipetted into 25-ml glass-stoppered conical flasks and 
evaporated to dryness in a warm water bath with the aid of a stream of 
air. The residues were dissolved in 4.0 ml of the internal standard solution, 
and the flasks were stoppered and mixed. Then they were permitted to  
stand at  room temperature for 30 min. Then 1.0 ml of 1% (v/v) aqueous 
propylene glycol solution was added to each flask, and the flasks were 
stoppered and mixed. 


System Suitability-Resolution-A flow rate of 1.0 ml/min for the 
mobile phase was set, and the system was allowed to equilibrate until a 
stablebaseline was obtained on the recorder. Then 10 j11 of the standard 
preparation solution was injected into the chromatograph a t  0.24-aufs 
detection sensitivity when the recorder was used or at  a suitable atten- 
uation when a computing integrator was used. (An attenuation setting 
of 16 was used for the instrument employed in these studies7.) 


In order of increasing elution time, the five peaks are iodate (from the 


3 Waters Associates model 6000A. 
PBondapak ODS (30 cm X 4 mm), Waters Associates. 
Perkin-Elmer model LC-55. 
Perkin-Elmer model LC-420. 
Spectra-Physics model SP4100. 
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b 


A. 


I I I I 
5 10 15 20 


MINUTES 
Figure 1-Chromatograms of internal standard (B) and standard 
preparation (A). Key: a, iodate; b, theophylline; c ,  phencbarbital; d,  
butabarbitat; and e, ephedrine as benzafdehyde. 


reagent), theophylline, phenobarbital, butabarbital, and benzaldehyde 
(from ephedrine). They should be completely resolved, with resolution 
factors between each pair of neighboring peaks of not less than 1.5. The 
resolution factor, R ,  is calculated from %try - trx)/(Wy + W,), where 
try and tr, are the retention times for neighboring peaks x and y,  the 
latter having the longer retention time, and W, and W, are the peak 
widths a t  the baseline for the respective peaks. 


Linearity-Solutions at  concentration levels of about 80,90,100,110, 
and 120% of the appropriate standard preparation were prepared. Then 
each solution (10 j11) was injected into the liquid chromatograph. The 
concentrations of each active component were plotted against the re- 
spective ratios of its peak response to that of the internal standard. A 
straight line should be obtained in each instance. 


Assay-Alternately 10 j11 of the solutions from the standard prepa- 
ration and the assay preparation was injected by means of a fixed-volume 
loop, and the peak responses were determined. The ratios of the peak 
responses were determined for theophylline, ephedrine hydrochloride 
as benzaldehyde, and phenobarbital to the internal standard in the 
chromatograms from the standard preparation and the assay preparation. 
The amount of each active ingredient, in milligrams per tablet, was cal- 
culated from FC(Ru/Rs)(T/S) ,  where C is the exact concentration, in 
milligrams per milliliter, of the assayed component in the standard 
preparation; Ru and Rs are the response ratios for each to the internal 
standard for the chromatograms from the assay preparation and the 
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Table I-Dilution Factors8 Table 111-Recovery Data a t  80 and 120% Label Claim 


Drug 
Conventional Sustained- Action 


Tablets Tablets 


Theophylline 733.3 
Ephedrine 627.3 


Phenobarbital 667 
hydrochloride 


1000 
941 


1000 


aThe theophylline factor includes 1.100, the ratio of the molecular weights of 
hydrous and anhydrous theophylline. The ephedrine hydrochloride factor includes 
0.941, the ratio of the equivalent weights of the hydrochloride and sulfate salts. 


standard preparation, respectively; T and S are the weights, in milli- 
grams, of the average tablet and of the portion of the tablet taken for 
assay, respectively; and F represents the factors from dilutions (Table 
I). 


RESULTS AND DISCUSSION 


Figure 1 shows typical chromatograms for a conventional tablet for- 
mulation and a placebo mixture in which a reagent peak appears a t  -2.3 
min due to iodate, at -3.5 min due to theophylline, a t  -6.0 min due to 
phenobarbital, and at  -9.4 min due to butabarbital; benzaldehyde, from 
ephedrine, has a retention time of -11.7 min. The chromatograms show 
no interference from the excipients and the oxidation products of pro- 
pylene glycol, formaldehyde, and acetaldehyde. 


Table 11-Precision and Recovery Data 


Percent Recovery 
Ephedrine 


Trial Theophylline Hydrochloride Phenobarbital 


1 
2 
3 
4 
5 
6 
Mean 
RSD, % 


1 
2 
3 
4 
5 
6 
Mean 
RSD. % 


Conventional Tablets 
98.4 99.2 
99.4 97.6 
98.1 98.0 
98.7 100.1 


100.3 99.2 
98.4 
98.9 
0.83 


97.5 
98.6 
1.07 


Sustained-Action Tablets 
98.6 98.3 


101.4 100.7 
99.3 .. . 


100.7 
100.0 
100.0 
100.0 


0.99 


100.0 
100.0 
101.4 
99.3 


100.0 
1.08 


97.8 
100.8 
96.6 
99.6 


100.0 
96.3 
98.5 


1.91 


98.1 
100.3 
99.7 
99.7 


100.3 
99.7 
99.6 
0.81 


Percent Found 
Drug 80 120 


Conventional Tablets 
Theophylline 82.2,gl.g 117.8,119.5 
Ephedrine hydrochloride 82.4,82.6 120.3,123.1 
Phenobarbital 79.7,79.0 121.4, 118.8 


Sustained-Action Tablets 
Theophylline 80.7,80.7 117.9,118.8 
EDhedrine hvdrochloride 79.4.19.4 118.4. 118.6 
Phenobarbital 79.1; 19.7 119.5; 120.3 


The determination of ephedrine as benzaldehyde after periodate ox- 
idation was shown to be stability indicating by Chafetz (4). Omission of 
periodate from the system had no effect on the retention times or re- 
sponse of theophylline, phenobarbital, or butabarbital. Ephedrine was 
moved to a retention time of -20 min; however, its response was de- 
creased by a factor of >200. Ephedrine can be visualized only by changing 
the detector to -260 nm and using an increased concentration or lower 
attenuation. 


The UV detection of phenobarbital and butabarbital a t  241 nm is due 
to the monoanion form of the ureide ring, the unionized form having little 
absorbance in the near UV; hence, the incorporation of pH 7.8 buffer in 
the mobile phase. This mobile phase provides sufficient alkalinity to be 
in the pKal range for the barbiturates and for a rapid reaction rate of 
periodate with ephedrine. (The apparent pH of the mobile phase is 
8.3.) 


Precision and recovery data for conventional and sustained-action 
theophylline, ephedrine hydrochloride, and phenobarbital tablets are 
shown in Tables I1 and 111. Calculation of resolution factors between 
adjacent peaks provides values greater than 5. Peak response ratios versus 
concentrations for each component to the internal standard were recti- 
linear. Recovery was determined by adding known amounts of the drugs 
to the excipients, which included starch, lactose, stearic acid, and poly- 
ethylene glycol 6000 for conventional tablets and starch USP, lactose 
USP, stearic acid powder, polyethylene glycol 6000, guar gum, methyl- 
cellulose USP, sugar powder, ethylcellulose NF, magnesium stearate 
USP, carnauba wax, D&C Red No. 30 lake, and D&C Yellow No. 10 lake 
for sustained-action tablets. 
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Abstract 0 Polyhydroxybenzylamine derivatives related to dopamine 
were synthesized and shown to have activity against murine P-388 lym- 
phocytic leukemia. The 3,4,5-trihydroxy- and 2,3-dihydroxybenzylamine 
hydroiodides were active, as were several other catechol derivatives ca- 
pable of o-quinone formation. 


Keyphrases Catecholamine analogs-polyhydroxybenzylamine hy- 
droiodides synthesized and evaluated for antitumor activity, mice 0 
Structure-activity relationships-catecholamine analogs synthesized 
and tested for antitumor activity, mice 0 Antitumor activity-cate- 
cholamine analogs synthesized and evaluated for antitumor activity, 
mice 


Phenalkylamines (1-4) and pyridine derivatives (5) 
possessing vicinal hydroxyl groups have antitumor activity 


against in uiuo murine tumor models and related in uitro 
systems. A previous investigation (4) explored structure- 


806 I Journal of Pharmaceutical Sciences 
Vol. 70, No. 7, July 1981 


0022-354918 110700-0806$01.0010 
@ 198 7, American Pharmaceutical Association 








500 1500 1000 4000 3500 3000 2000 
WAVE NUMBER, cm-’ 


Figure 1-Spectrum of moperone base; grinding with potassium bro- 
mide without any solvent. 
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WAVE NUMBER, ern-’ 
Figure 2-Spectrum of moperone hydrochloride; grinding with po- 
tassium bromide without any soluent. 


In the case of amine hydrochloride, the exchange of 
chlorine ions with bromine ions was reported (3,4). How- 
ever, this explanation is unsatisfactory for the free base 
form. The presence of very intense absorption bands be- 
tween 2650 and 2500 cm-l, indicating nitrogen protona- 
tion, was confirmed (Figs. 1-3). In the case of moperone, 
the hydrobromide reextracted from the potassium bromide 
pellet by a minimum volume of methanol shows a final 
melting temperature of 184O, determined by thermomi- 
croscopy, even though melting temperatures of the hy- 
drobromide, hydrochloride, and free base forms are 186, 
222, and 123”, respectively. It was reported (5) that amine 
salts having a protonated nitrogen atom of the NH?, NH:, 
or NH+ type possess characteristic frequencies of 4000- 
2000 cm-l. 


The hydrobromide form of moperone (reextracted from 
potassium bromide pellets) was confirmed using X-ray 
diffraction. The spectra present the characteristic mo- 
perone hydrobromide pattern, including intense bands 
corresponding to d values of 0.64,5.29,5.16,4.89,4.78,4.25, 
3.68, and 3.61 A. Identical results were obtained with 
pharmaceutical organic raw materials such as bupivacaine, 


-. 
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Figure 3-Spectrum of moperone base or hydrochloride; grinding with 
potassium bromide and solvent. 


cinnarizine, diethylpropion, diisopromine, fenfluramine, 
fluanisone, haloperidol, homatropine, and moperone. 


The hydrobromide formation may be attributed to at- 
mospheric carbon dioxide combined with the entropy of 
the system since the potassium bromide effect persists 
when sodium redistilled methanol or pyridine and potas- 
sium bromide solutions (pH 10) are used. Thus, it is im- 
portant not to attribute the spectral consequences of this 
potassium bromide effect to the existence of a new poly- 
morphic form. 


Easton, Pa., 1975, p. 664. 


Pa., 1975, p. 1969. 


(1) The United States Pharmacopeia, 19th rev., Mack Publishing Co., 


(2) “The National Formulary,” 14th ed., Mack Publishing Co., Easton, 


(3) J. Carol, J.  Pharm. Sci., 50,451 (1961). 
(4) S. C. Mutha and W. B. Ludeman, ibid., 65,1400 (1976). 
( 5 )  W. E. Thompson, R. J. Warren, I. B. Eisdorfer, and J. E. Zarembo, 


R. P. Bouche 
M. Azibi 
M. G .  Draguet-Brughmans 
Facult4 de MBdecine-Ecole de Pharmacie 
Laboratoire d’Analyse des MBdicaments 
Universit.6 Catholique de Louvain 
73, avenue E. Mounier-BP. 7340 
1200 Bruxelles, Belgium 


ibid., 54,1819 (1965). 


Received December 1,1980. 
Accepted for publication May 21,1981. 


First-Pass Clearance of Lidocaine in Healthy 
Volunteers and Epileptic Patients: 
Influence of Effective Liver Volume 


Keyphrases Lidocaine-first-pass clearance in healthy volunteers 
and epileptic patients compared 0 Bioavailability-lidocaine, compared 
in healthy volunteers and epileptic patients, influence of effective liver 
volume 0 Hepatic retention-effect on first-pass clearance of lidocaine, 
healthy volunteers and epileptic patients compared 


To the Editor: 


Recent reports (1, 2) compared the absolute oral bio- 
availability of lidocaine in epileptic patients receiving 
chronic anticonvulsant drug therapy to that in normal 
healthy volunteers not receiving enzyme-inducing drugs. 
The authors of these reports concluded that the greater 
than twofold reduction in absolute availability observed 
in the epileptic patients was the result of increased hepatic 
first-pass metabolism caused by the chronic administra- 
tion of anticonvulsant drugs. 


The present study considers the possible impact of in- 
creased hepatic retention, rather than increased metabolic 
activity, on reduced bioavailability using the first-pass 
perfusion model presented in Scheme I. The model was 
used to simulate the effect of increased hepatoportal re- 
tention of lidocaine that could result from the induction 
of nonenzyme-related protein synthesis in the eliminating 
organ. The product of the liver volume ( V H )  and liver re- 
tention ( R H )  is the effective liver volume (3). Therefore, 
by definition, an increase in liver mass or hepatic tissue 
binding is reflected as an increase in hepatic organ clear- 
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concentration-time data for oral and intravenous doses 
simultaneously using the nonlinear least-squares regres- 
sion program NONLIN (5): 


QP 
POOL 


dC, = [(QsCs/Rs) + (QHCH/RH) - QpCp]/Vp d t  
dCs 
d t  


(Eq. 3) 


[QsCP - (QsCs/Rs)l/Vs oh 4) -=  


For the intravenous dose: 
d C H  - -- QH dt [QHCP - (QHCH/RH) - (ClHCH/RH)]/VH (Eq. 5) 


/ a 
HEPATO - PORTAL For the oral dose: 


CI" ' K O  
Scheme I-First-pass perfusion model. The  perfusion model contains 
three compartments: 1, the pool, which includes the  serum and highly 
perfused noneliminating tissues where Vp is the  pool volume; 2, more 
slowly perfused noneliminating tissues where VsRs is the effective 
volume of this more slowly equilibratingpool; and 3, the  hepatoportal 
system, which is responsible for drug elimination and where VHRH is 
the effective liver volume. Blood flow to the more slowlyperfused organs 
and the hepatoportal system are described as & and QH, respectively, 


whereas the hepatic clearance is described as ClH. 


ance ( C L H )  as a result of an increase in the effective liver 
volume. Classic clearance concepts (4) dictate that changes 
in hepatic organ clearance (CZH) and hepatic blood flow 
( Q H )  result in changes in the first-pass extraction ( E )  and 
total body clearances ( C ~ B )  according to: 


Hepatic organ clearance is generally assumed to mean 
metabolic clearance, although, in reality, it includes both 
metabolic activity and tissue retention in the liver due to 
tissue binding (3). 


The experimental data was obtained from a previous 
report (1) in which six epileptic patients receiving chronic 
anticonvulsant therapy with known enzyme-inducing 
agents (i.e.,  phenobarbital, primidone, carbamazepine, and 
phenytoin) and six healthy volunteers were studied. Each 
person was administered 86 mg of lidocaine base equiva- 
lents intravenously as the hydrochloride salt and ingested 
608 mg of lidocaine base equivalents orally as the mono- 
hydrate salt on two separate occasions. Blood samples were 
withdrawn over 240 min to assess the pharmacokinetics 
of lidocaine in serum. Serum concentrations were deter- 
mined by enzyme immunoassay (1). 


The following differential equations describe the model 
presented in Scheme I and were used to simulate serum 


Table I-Pharmacokinetic Parameters Used in the Simulation 
of Lidocaine Serum Concentration-Time Data for Normal 
Healthy Volunteers and Epileptic Patients 


Normal Healthy Epileptic 
Parameter Controls Patients 


k, , min-1 0.145 0.145 
Vp, liters 35 35 
VsRs, liters 40 40 
VHRH, liters 50 150 
Qs, liters/min 2.4 2.4 
Q H ,  liters/min 1.3 1.3 
c 1 H ,  literdmin 2.3 6.2 
ClB, litedmin 0.83 1.07 
E 0.64 0.83 


[kaDe-knt + QHCP - (QHCH/RH) - (C~HCH/RH)]/VH (Eq. 6) 


where C p ,  Cs, and CH are the concentrations of lidocaine 
in the sampled compartment that contains the serum and 
the highly perfused tissues, more slowly perfused tissues, 
and hepatoportal system, respectively; Vp, VS,  and VH are 
the physiological volumes of these compartments; Qp,  Qs, 
and QH are the serum flow rate for these compartments; 
Rs and RH are the retention factors for drug in the more 
slowly perfused tissues and the hepatoportal tissues, re- 
spectively; CLH is the hepatic clearance rate; k ,  is the ap- 
parent absorption rate constant; and D is the oral dose. 


The parameters used in the simulations are presented 
in Table I. Both oral and intravenous data were simulated 
to determine the impact of increased effective linear vol- 
ume on the pharmacokinetics of both administration 
routes. 


The results of the simultations, together with the ex- 
perimental data for the normal subjects and epileptic pa- 
tients, are presented in Fig. l. The differences between 
normal subjects and patients receiving enzyme-inducing 
agents can be adequately described by a perfusion model 
that allows only for a change in the effective liver volume 
rather than for changes in the enzyme activity per se. 


Perucca and coworkers (1, 2) attributed reduced oral 
bioavailability of lidocaine in epileptic patients ingesting 


dCH - -- 
dt  


i "1 N O R H l L  EPILEPTIC 


W v) 9 1  
0.1- I I I I I 


0 60 120 180 240 0 60 120 180 240 
MINUTES AFTER DOSE 


Figure 1-Simulated and observed serum concentrations of lidocaine 
following intravenous (a) and oral (0) doses to epileptic patients re- 
ceiving chronic anticonvulsant therapy and normal, healthy volunteers. 
T h e  solid lines were simulated according to the model in Scheme I ,  as- 
suming that the  effective liver volume VHRH was the only difference 
between the two study groups. (See Table. I for parameters used in the 


simulation.) 
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enzyme-inducing agents to a simple increase in hepatic 
first-pass metabolism. Although the existence of increased 
first-pass clearance was supported by the present analysis, 
the data suggest that an alternative mechanism, increased 
effective linear volume, may be responsible. Due to the 
increased retention of lidocaine in the liver as a result of 
increased effective liver volume, the first-pass clearance 
of lidocaine was much more extensive in epileptic patients 
than in normal volunteers. 


Although the possibility exists for a reduction in the 
extent of lidocaine absorption in the epileptic patient, no 
evidence for a similar interaction could be found in the 
literature. In addition, it is highly unlikely that all of the 
anticonvulsant drugs used in this study should have the 
same effect on absorption. However, there is evidence (7-9) 
for the increase in effective liver volume observed in the 
present study. An increase in liver mass during anticon- 
vulsant therapy, as well as an increase in binding affinity 
by the newly synthesized protein, has been postulated as 
possible mechanisms. 


In conclusion, changes in the pharmacokinetics of drugs 
due to the chronic administration of enzyme-inducing 
agents has been attributed solely to increases in the in- 
trinsic metabolic activity (6-9). Concomitant changes in 
blood flow are sometimes postulated as complementary 
mechanisms for increased clearance (9-11). However, one 
mechanism that has generally been overlooked is the effect 
of enzyme-inducing agents on the effective volume of the 
eliminating organ, e.g., the liver and/or intestinal mucosa, 
by increasing tissue mass or tissue binding (10-12). 


The results of the present ahalysis indicate that first- 
pass clearance may be a complex interaction of several 
pharmacokinetic parameters including blood flow, meta- 
bolic activity, and effective tissue volume. The complexity 
of this interaction may help to explain the apparent dis- 
crepancies between enzyme induction observed in vitro 
and in vivo. 
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Solubility and Partitioning V: 
Dependence of Solubility on Melting Point 


Keyphrases 0 Solubility-dependence on melting point, crystalline 
compounds 0 Crystalline compounds-polycyclic aromatic hydrocar- 
bons, dependence of solubility on melting point 


To the Editor: 
It is well known that the solubility (in any solvent) of a 


crystalline solute is at  least partially dependent on certain 
properties of the crystal. The reduction in solubility that 
is attributable to solute crystallinity is given by: 


(Eq. 1) 


where X c  and XscL are the mole fractional solubilities of 
the crystalline solute and of the supercooled liquid, re- 
spectively; T,  and T are the melting point and tempera- 
ture of interest, respectively (both in O K ) ;  AS, is the en- 
tropy of fusion of the crystal; and AC, is the difference in 
heat capacity between the crystal and the supercooled 
liquid. 


The supercooled liquid, SCL, is the result of melting the 
crystal at  the temperature of interest, which is assumed 
to be below the melting point. It is the equivalent to the 
“oil” form of the substance. In most cases, it is not possible 
to produce the oil or molten form below the melting point. 
For these cases, the supercooled liquid represents a hy- 
pothetical state. 


To estimate the solubility of crystalline compounds, it 
is necessary to estimate the crystal-liquid solubility ratio, 
X c/XscL. This estimation is normally facilitated by 
simplifying Eq. 1 to remove the AC, terms. Two alterna- 
tive approximations for AC, are commonly used: AC, = 
0 and AC, = AS,. These approximations lead to the fol- 
lowing simplifications. 


If AC, = 0: 
X c  ASf(T, - 7’) log- = - XSCL 2.303RT 


If AC, = AS,: 


ln ($) XC log-=-- xscL 2.303R 


(Eq. 2) 


(Eq. 3) 


Equation 2 was used by Yalkowsky and coworkers (14,  
whereas Eq. 3 was used by Martin et  al. (5) and was rec- 
ommended by Hildebrand et  al. (6). 


To verify one or the other of these approximations, it is 
necessary to find a set of crystalline solutes and a solvent 
for which XscL is known. The crystalline polycyclic aro- 
matic hydrocarbons (pah) in benzene are such a system. 
Since the solutes and solvent have no permanent dipoles, 
the major cohesive interactions will be the result of London 
dispersion forces. Dispersion forces are primarily depen- 
dent on polarizability, which is proportional to volume for 
hydrocarbons. Thus, the cohesive energy density of the 
solutes and the solvent is very similar, and the solutions 
are very nearly ideal. Because the components of an ideal 
solution are completely miscible (if they are liquids), it can 
be assumed that XscL = 1.0 for the polycyclic aromatic 
hydrocarbons in benzene. 


It has been shown that the entropy of fusion of confor- 
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Abstract A high-performance liquid chromatographic method was 
developed for the simultaneous measurement of tolbutamide and its 
major metabolite, carboxytolbutamide, in plasma. The assay involves 
the ether extraction of 1 ml of plasma, using chlorpropamide as an in- 
ternal standard. The extract is dried, the residue is taken up in acetoni- 
trile, and 5 pl is injected into a reversed-phase column. The mobile phase 
consisted of 35% acetonitrile and 65% 0.05 M phosphoric acid buffer (pH 
3.9). A fiied-wavelength detector was set a t  254 nm. The sensitivity limits 
for the tolbutamide and carboxytolbutamide assay were 2 and 0.1 pg/ml, 
respectively. The ratio of carboxytolbutamide to tolbutamide in plasma 
obtained from a subject given a 500-mg tolbutamide tablet was -1:20. 


Keyphrases o Tolbutamide-simultaneous high-performance liquid 
chromatographic assay with carboxytolbutamide, human plasma 0 
Carboxytolbutamide-simultaneous high-performance liquid chroma- 
tographic assay with tolbutamide, human plasma 0 High-performance 
liquid chromatography-simultaneous assay of tolbutamide and car- 
boxytolbutamide 


Tolbutamide is an oral hypoglycemic agent used for the 
chronic treatment of diabetes mellitus of the maturity- 
onset type. After oral administration to humans, -85% of 
the dose is excreted in the urine as the carboxy metabolite 
(1-butyl-3-p-carboxyphenylsulfonylurea) and the hy- 
droxymethyl metabolite (1-butyl-3-p-hydroxymethyl- 
phenylsulfonylurea) (l), both inactive. 


BACKGROUND 


The pharmacokinetics of tolbutamide in patients is highly variable, 
with apparent half-lives ranging from -2 to 25 hr (2,3). Because of this 
variability, .it was suggested that plasma tolbutamide concentrations 
should be determined in patients receiving this drug (2, 4). The bio- 
availability of tolbutamide after oral administration was shown to be 
influenced by the salt form (5), the surface area (6), and the excipients 
present in the formulation (7). These observations are particularly sig- 
nificant since changes in the serum glucose concentrations show a good 
relationship to the time course of tolbutamide in plasma (5,7). Therefore, 
an assay method for tolbutamide and its metabolites would be useful in 
pharmacogenetic studies, therapeutic drug monitoring, and bioavail- 
ability studies. 


Colorimetric (8-12) and UV (13) methods lack sensitivity and speci- 
ficity. Methods involving GLC (14-17) require derivatization of the drug. 
More recently, high-performance liquid chromatographic (HPLC) 
methods were developed (18,19). One method (18) is suitable for the 
determination of tolbutamide and its major metabolite, carboxytolbu- 
tamide, but does not use an internal standard and is not sensitive enough 
to quantitate the low metabolite levels reported previously (20). Another 
method (19) uses chlorpropamide as an internal standard but does not 
measure carboxytolbutamide simultaneously. 


EXPERIMENTAL 


Reagents and Chemicals-Tolbutamide', carboxytolbutamide', 
chlorpropamidez, ethes, a~etonitrile~, hydrochloric acid4, and phosphoric 
acid6 were used. 


HPLC-Deionized water (1 ml) and 1 ml of chlorpropamide internal 
standard (30 pg/ml) were added to 1 ml of plasma in a 20-ml centrifuge 
tube with a polytef-lined screw cap. After mixing, 0.1 ml of 1.3 N HCl was 
added; the mixture was extracted with 10 ml of ether for 15 min by gentle 
shaking on a platform shaker. After centrifugation at  -loo for 15 min 
at 3000 rpm, the ether layer was transferred to a 15-ml conical tube and 
evaporated under nitrogen at 40°. The residue was taken up in 100 pl of 
acetonitrile and vortexed for 30 sec, and 5 pl was injected into the HPLC 
system. 


The HPLC system consisted of a sample injectofi, a mobile phase 
pump' operated at  2.5 ml/min (2000 psi), a reversed-phase column8, a 
fixed-wavelength UV absorbance detectors at 254 nm (aufs 0.011, and 
a recorderlo operated at  0.5 cm/min. The mobile phase consisted of 35% 
acetonitrile and 65% 0.05 M phosphoric acid buffer (pH 3.9). Column 
temperature was maintained a t  28O. After each use, the column was 
washed with water followed by methanol to avoid damage by the buffer 
in the mobile phase. 


Preparation of Standard Curves-A standard solution was prepared 
to contain 100 pg of tolbutamide/ml and 5 pg of carboxytolbutamide/ml 
in 0.1 N NaOH. Aliquots of this solution were diluted with deionized 
water to yield standards containing 2,5,10,20,40,60, and 80 pg of tol- 
butamide/ml and 0.1,0.25,0.5, l, 2,3, and 4 pgof carboxytolbutamide/ml. 
The internal standard solution contained 30 pg of chlorpropamide/ml 
in 0.0005 N NaOH. One milliliter of the tolbutamide-carboxytolbut- 
amide solution and 1 ml of the chlorpropamide solution were added to 
1 ml of pooled human plasma, and the mixture was assayed. Standard 
curves were prepared using duplicate samples a t  each concentration by 
plotting peak height ratio (tolbutamide to internal staedard or car- 
boxytolbutamide to internal standard) versus drug or metabolite con- 
centration. 


Stability Studies-Three 20-ml samples of pooled plasma were spiked 
with 20 ml of water, 20 ml of an aqueous standard containing 10 pg of 
tolbutamide/ml and 0.5 pg of carboxytolbutamide/ml, or 20 ml of an 
aqueous standard containing 80 pg of tolbutamide/ml and 4 pg of car- 
boxytolbutamide/ml. Each portion of spiked plasma was separated into 
individual 8-ml portions and stored frozen at -loo for subsequent assay 
after 1,2, and 4 weeks. A sample of each also was assayed immediately 
after preparation. 


1 Provided by The Up'ohn Co., Kalamazoo, Mich. 
Provided by Pfizer, Brooklyn, N.Y. 


3 Burdick & Jackson Laboratories, Muskegon, Mich. 
4 Fisher Scientific Co., Fair Lawn, N.J. 


Mallinckrodt, Paris, Ky. 
Model U6K, Waters Associates, Milford Mass. 


7 Model M6000, Waters Associates, Milford, Mass. 
8 pBondapak CIS, Waters Associates, Milford, Mass. 
9 Model 440, Waters Associates, Milford, Mass. 


$0 Recordall Series 5000, Fisher Scientific Co., St. Louis, Mo. 
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Figure 1-Chromatograms for plasma extracts. Key: I ,  blank pooled 
plasma; II,  pooled plasma spiked with 40 pg of tolbutamidehl, 2 pg of 
carboxytolbutamidelml, and 30 of chlorpropamide/ml as the internal 
standard; and III, plasma sample obtained from human subject 4 hr 
after a 500-mg oral dose of tolbutamide, with chlorpropamide added 
as internal standard. 


Human Study-A healthy male volunteer received a single commer- 
cially available 500-mg tolbutamide tablet. Blood samples (,I0 ml) were 
obtained just before and at  0.5,1,2,3,4,6,  and 24 hr after drug admin- 
istration. These samples were assayed for tolbutamide and carboxytol- 
butamide levels using the described procedures. 


RESULTS AND DISCUSSION 


Tolbutamide, carboxytolbutamide, and chlorpropamide each exhibited 
a 235-nm wavelength of maximum absorbance when present in the mobile 
phase. A wavelength of 254 nm was selected to permit utilization of a 
fixed-wavelength detector. The absorptivities of tolbutamide, carboxy- 
tolbutamide, and chlorpropamide in the mobile phase were 3.2,27.9, and 
9.3 liters/g cm, respectively, a t  254 nm. 


Typical chromatograms for extracted plasma are shown in Fig. 1 for 
a pooled plasma sample containing no drug, a pooled plasma sample 
containing 40 pg of tolbutamide/ml and 2 pg of carboxy metabolite/ml, 
and a plasma sample obtained from a subject 4 hr after a 500-mg oral dose 
of tolbutamide. Chlorpropamide (30 pg/ml) was added to the latter two 
samples. The metabolite, internal standard, and drug peaks were well 
resolved with retention times of 1.8,5.6, and 7.8 min, respectively. A peak 
with a retention time of 4.0 min appeared in extracts of pooled plasma 
but did not interfere in the assay, provided the mobile phase was carefully 
maintained at  pH 3.9. This peak did not appear in the plasma samples 
freshly obtained from a human subject. The recoveries of tolbutamide, 
the carboxy metabolite, and chlorpropamide were -99,80, and 60%, re- 
spectively, relative to a direct HPLC assay of aqueous standards. Thus, 
the greater sensitivity of the assay for carboxytolbutamide was due to 
absorptivity differences rather than extraction efficiency. 


Standard curves prepared for both tolbutamide and the carboxy me- 
tabolite exhibited excellent linearity over the concentration ranges em- 
ployed for each material. The least-squares slope, intercept, and corre- 
lation coefficient for the tolbutamide calibration curve were 0.0140, 
0.0052, and 0.9999, respectively. The same values for the carboxy me- 
tabolite were 0.303, -0.013, and 0.9999, respectively. The precision of 
the assay for tolbutamide and carboxytolbutamide was determined by 
the analysis of six replicate samples a t  each of three concentrations. 
Plasma samples containing 10,40, and 80 pg of tolbutamide/ml exhibited 
relative standard deviations of 1.8,0.5, and 0.4%, respectively. Plasma 
samples containing 0.5, 2.0, and 4.0 pg of carboxytolbutamide/ml ex- 
hibited relative standard deviations of 7.9, 2.2, and 1.4%, respectively. 
The lower limits of sensitivity were 2 pg/ml for tolbutamide and 0.1 pg/ml 
for the carboxy metabolite. Analysis of the spiked pooled plasma samplea 
that had been stored frozen for 1,2, and 4 weeks indicated no significant 
loss of tolbutamide or the carboxy metabolite over that period. 


Figure 2 summarizes the tolbutamide and carboxy metabolite con- 
centrations determined in a subject who received a 500-mg of tolbutamide 


1 I 1 I I I L 
1 8 12 16 20 24 


HOURS 


Figure 2-Plasma concentrations of tolbutamide (w) and carboxy- 
tolbutamide (0) following administration of a 500-mg oral dose of tol- 
butamide to a human subject. 


tablet. The peak plasma tolbutamide concentration of 49 pg/ml was in 
the range of peak levels reported in other studies with human subjects 
who received 500-mg oral doses of the drug (17,21). The peak plasma 
carboxy metabolite concentration was 2.2 pg/ml, which was -1/20 the 
tolbutamide concentration. Matin and Knight (20) found a ratio of -5O:l 
for tolbutamide to the carboxy metabolite after administration of a 1-g 
iv dose to a diabetic patient. They also reported the presence of a hy- 
droxymethyl metabolite in this patient. The concentration of the me- 
tabolite paralleled that of the carboxy metabolite but was -50% that of 
the major metabolite. Since an authentic sample of the hydroxymethyl 
metabolite was unavailable, it was not possible to determine the potential 
for this compound to interfere in the present assay or to be quantitated 
by the assay. However, chromatograms obtained with the assay did not 
reveal any evidence of an additional peak that could be attributed to this 
metabolite. 
Based on these data, the reported method exhibits adequate sensitivity 


and specificity for single-dose bioavailability studies as well as for the 
monitoring of plasma tolbutamide concentrations in patients. In addition, 
the method is applicable to pharmacokinetic studies of the drug and its 
prjmary metabolite. It also should be applicable to the determination of 
plasma chlorpropamide concentrations with tolbutamide as the internal 
standard. 
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Abstract 0 In uitro plasma protein binding for phenytoin, meperidine, 
and bretylium tosylate was affected by the type of preserved human blood 
used for its estimation. Fresh heparinized plasma and serum gave 
equivalent fractions bound at the concentrations studied for all three 
drugs. However, the in oitro plasma binding of phenytoin and meperidine 
decreased -9-50% when estimated in fresh citrated plasma or commer- 
cially available lyophylized human serum at  the concentration levels 
investigated. The fraction of bretylium tosylate bound to plasma protein 
decreased -3040% when estimated in fresh citrated plasma but was 
unchanged when estimated in the lyophylized human serum. 


Keyphrases Binding, plasma protein-effect of blood preservation, 
humans 0 Blood-preservation, effect on in uitro plasma protein binding 
0 Pharmacokinetics-effect of human blood preservation on in uitro 
protein binding 


binding of quinidine (5). Therefore, it is important that the 
effect of blood constituents and preservatives be evalu- 
ated. 


The purpose of this investigation was to determine if a 
standard anticoaguladpreservative would interfere with 
the binding of other drugs and the suitability of a com- 
mercially available lyophilized serum1 as a substitute for 
blood bank plasma when large volumes of plasma/serum 
are required. The drugs studied, phenytoin, meperidine, 
and bretylium tosylate, are chemically different and have 
been reported2 to exhibit a binding of 90,60, and 1OO/o2, 
respectively (3,”). 


The influence of plasma protein binding on the distri- 
bution and elimination of drugs was recently reviewed (1). 
Accurate evaluation of the fraction of drug bound is es- 
sential for a thorough understanding of a drug’s pharma- 
cokinetics. Plasma/serum protein binding is normally es- 
timated using several in uitro techniques such as equilib- 
rium dialysis, ultrafiltration, gel filtration, differential 


EXPERIMENTAL 


Blood was obtained from one healthy male volunteer, 27 years of age, 
who was not using any medication. Blood was collected in a clean glass 
flask containing either 400 IU of heparid20 ml of blood or 63 ml of citrate 
phosphate dextrose/450 ml of blood. The blood to be used as serum was 
collected in clean glass test tubes and allowed to clot. Lyophilized serum’, 
reconstituted according to the manufacturer’s suggestion, was used as 
the commercial source of lyophilized human serum. 


Table I-Effect of Blood Preservation Procedure on Fraction of Drug Bound 


Concentration, Fresh Plasma Fresh Plasma Lyophilized 
Drug Ccdml Heparin Citrate Fresh Serum Serum 


Phenytoin 15.0 0.89 (0.90,0.88) 0.80 (0.76,0.84) 0.89 (0.89,0.89) 0.80 (0.79,0.81) 
5.0 0.90 (0.89,0.90) 0.81 (0.79,0.83) 0.90 (0.91,0.89) 0.80 (0.80,0.80) 


Meperidine 0.98 0.58 (0.56,0.60) 0.25 (0.23,0.27) 0.54 (0.52,0.56) 0.26 (0.22,0.30) 
0.12 0.60 (0.58,0.62) 0.27 (0.22,0.28) 0.58 (0.52,0.62) 0.23 (0.18,0.28) 


tosylate 0.3 0.11 (0.12,O.ll) 0.06 (0.06,0.05) 0.11 (0.10,0.12) 0.10 (0.08,0.12) 
Bretylium 1.2 0.13 (0.14,0.12) 0.04 (0.04,0.04) 0.10 (0.12,0.09) 0.12 (0.12,0.12) 


a Mean of two determinations; individual values are given in parentheses. 


spectrophotometry, and electrophoresis (2). Several in- 
vestigators determined plasma protein binding in fresh 
plasma from subjects participating in pharmacokinetic 
studies (3,4), and other sources of blood were utilized in 
other studies. A frequently reported source is fresh blood 
bank plasma (5,6). Blood bank plasma is normally pre- 
served with a standard anticoagulant/preservative, citrate 
phosphate dextrose USP. However, the presence of pre- 
servative has been implicated in lowering the protein 


A standard solution of [14C]meperidine, [14C]bretylium tosylate, or 
[14C]phenytoin was added to plasma at  two concentrations within the 
respective therapeutic ranges. Protein binding was then determined by 
equilibrium dialysis. The samples were dialyzed across a cellophane 
membrane against phosphate buffer (0.067 M, pH 7.4) at 37O using a 
dialysis cell. Equilibrium was achieved for each drug by 24 hr. A control 


~ ~ 


Sera Chem, Fisher Scientific, Orangeburg, NY 10962. 
A. Yacobi, personal communication, American Critical Care, McGaw Park, 


IL. 
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Table I-Dilution Factors8 Table 111-Recovery Data a t  80 and 120% Label Claim 


Drug 
Conventional Sustained- Action 


Tablets Tablets 


Theophylline 733.3 
Ephedrine 627.3 


Phenobarbital 667 
hydrochloride 


1000 
941 


1000 


aThe theophylline factor includes 1.100, the ratio of the molecular weights of 
hydrous and anhydrous theophylline. The ephedrine hydrochloride factor includes 
0.941, the ratio of the equivalent weights of the hydrochloride and sulfate salts. 


standard preparation, respectively; T and S are the weights, in milli- 
grams, of the average tablet and of the portion of the tablet taken for 
assay, respectively; and F represents the factors from dilutions (Table 
I). 


RESULTS AND DISCUSSION 


Figure 1 shows typical chromatograms for a conventional tablet for- 
mulation and a placebo mixture in which a reagent peak appears a t  -2.3 
min due to iodate, at -3.5 min due to theophylline, a t  -6.0 min due to 
phenobarbital, and at  -9.4 min due to butabarbital; benzaldehyde, from 
ephedrine, has a retention time of -11.7 min. The chromatograms show 
no interference from the excipients and the oxidation products of pro- 
pylene glycol, formaldehyde, and acetaldehyde. 


Table 11-Precision and Recovery Data 


Percent Recovery 
Ephedrine 


Trial Theophylline Hydrochloride Phenobarbital 


1 
2 
3 
4 
5 
6 
Mean 
RSD, % 


1 
2 
3 
4 
5 
6 
Mean 
RSD. % 


Conventional Tablets 
98.4 99.2 
99.4 97.6 
98.1 98.0 
98.7 100.1 


100.3 99.2 
98.4 
98.9 
0.83 


97.5 
98.6 
1.07 


Sustained-Action Tablets 
98.6 98.3 


101.4 100.7 
99.3 .. . 


100.7 
100.0 
100.0 
100.0 


0.99 


100.0 
100.0 
101.4 
99.3 


100.0 
1.08 


97.8 
100.8 
96.6 
99.6 


100.0 
96.3 
98.5 


1.91 


98.1 
100.3 
99.7 
99.7 


100.3 
99.7 
99.6 
0.81 


Percent Found 
Drug 80 120 


Conventional Tablets 
Theophylline 82.2,gl.g 117.8,119.5 
Ephedrine hydrochloride 82.4,82.6 120.3,123.1 
Phenobarbital 79.7,79.0 121.4, 118.8 


Sustained-Action Tablets 
Theophylline 80.7,80.7 117.9,118.8 
EDhedrine hvdrochloride 79.4.19.4 118.4. 118.6 
Phenobarbital 79.1; 19.7 119.5; 120.3 


The determination of ephedrine as benzaldehyde after periodate ox- 
idation was shown to be stability indicating by Chafetz (4). Omission of 
periodate from the system had no effect on the retention times or re- 
sponse of theophylline, phenobarbital, or butabarbital. Ephedrine was 
moved to a retention time of -20 min; however, its response was de- 
creased by a factor of >200. Ephedrine can be visualized only by changing 
the detector to -260 nm and using an increased concentration or lower 
attenuation. 


The UV detection of phenobarbital and butabarbital a t  241 nm is due 
to the monoanion form of the ureide ring, the unionized form having little 
absorbance in the near UV; hence, the incorporation of pH 7.8 buffer in 
the mobile phase. This mobile phase provides sufficient alkalinity to be 
in the pKal range for the barbiturates and for a rapid reaction rate of 
periodate with ephedrine. (The apparent pH of the mobile phase is 
8.3.) 


Precision and recovery data for conventional and sustained-action 
theophylline, ephedrine hydrochloride, and phenobarbital tablets are 
shown in Tables I1 and 111. Calculation of resolution factors between 
adjacent peaks provides values greater than 5. Peak response ratios versus 
concentrations for each component to the internal standard were recti- 
linear. Recovery was determined by adding known amounts of the drugs 
to the excipients, which included starch, lactose, stearic acid, and poly- 
ethylene glycol 6000 for conventional tablets and starch USP, lactose 
USP, stearic acid powder, polyethylene glycol 6000, guar gum, methyl- 
cellulose USP, sugar powder, ethylcellulose NF, magnesium stearate 
USP, carnauba wax, D&C Red No. 30 lake, and D&C Yellow No. 10 lake 
for sustained-action tablets. 
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Abstract 0 Polyhydroxybenzylamine derivatives related to dopamine 
were synthesized and shown to have activity against murine P-388 lym- 
phocytic leukemia. The 3,4,5-trihydroxy- and 2,3-dihydroxybenzylamine 
hydroiodides were active, as were several other catechol derivatives ca- 
pable of o-quinone formation. 


Keyphrases Catecholamine analogs-polyhydroxybenzylamine hy- 
droiodides synthesized and evaluated for antitumor activity, mice 0 
Structure-activity relationships-catecholamine analogs synthesized 
and tested for antitumor activity, mice 0 Antitumor activity-cate- 
cholamine analogs synthesized and evaluated for antitumor activity, 
mice 


Phenalkylamines (1-4) and pyridine derivatives (5) 
possessing vicinal hydroxyl groups have antitumor activity 


against in uiuo murine tumor models and related in uitro 
systems. A previous investigation (4) explored structure- 
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activity studies among catecholamine analogs, with em- 
phasis on the P-388 leukemia activity of phenethylamine 
and benzylamine compounds. In that study, the benzyl- 
amine analog (I) of dopamine (11) was active against P-388 
leukemia. The trihydroxy compound, 5-hydroxydopamine 
(III), also was active. The current study extended this work 
to  additional benzylamine derivatives including two tri- 
hydroxy analogs. 


RESULTS AND DISCUSSION 


3,4,5-Trimethoxybenzylamine (IV) was prepared by two routes to 
determine the advantages of catalytic versus chemical reduction as 
synthetic procedures in the benzylamine series (Scheme I). Reduction 
of the amide with sodium acetoxyborohydride (6) produced IV in a 50% 
yield. Catalytic reduction of the nitrile in chloroform by the method of 
Secrist and Logue (7) gave a somewhat better yield of IV (75%) and is the 
method of choice. Cleavage of the methoxyl groups with hydroiodic acid 
(8) yielded the target compound 3,4,5-trihydroxybenzylamine as the 
hydroiodide (V). Several isomeric di- and trihydroxybenzylamines were 
prepared previously as either free bases or hydrochloride salts (9). The 
synthesis of 2,3,4-trihydroxybenzylamine hydroiodide (VII) was ac- 
complished by the borohydride method, while 2,3-dihydroxybenzylamine 
hydroiodide (XI) was prepared in good yield by catalytic reduction of the 
nitrile followed by hydroiodic acid treatment. 


The antitumor results are shown in Table I. The compounds (1-111) 
on which the present study is based were previously shown to be active 
against P-388 leukemia (4). The target compounds, V and XI, were de- 
termined to be active, but VII gave T/C values' of only 123 and 121%. The 
corresponding acetophenone (VIII), however, was active, and the activity 
of 3,4-dihydroxybenzaldehyde (XIII) was confirmed. 


The generalized structure-activity relationships described previously 
for the catecholamines (4) continue to apply in the benzylamine series. 
Positioning of vicinal hydroxyl groups in the benzylamiie series such that 
oxidation to ortho-derivatives might occur provides active materials (I, 
V, VIII, XI, and XIII). Dihydroxy compounds that cannot be oxidized 
to a quinoid form (XIV) or can be oxidized only to a p-quinone (XV) are 
inactive. As noted previously (4), dihydroxybenzoic acid (XII) analogs 
are not active. The addition of an apparent excess of lipophilic character 
converts an active compound (VIII) to an inactive one (IX). 
2,3,4-Trihydroxybenzylamine (VII) was expected to be active against 


1 Percent T/C = (treated survival to control survival) X 10096. 


Table I-P-388 Lymphocytic Leukemia Antitumor Activity * 


Optimum Dose, TIC, T - C ,  
Compound mgfkdday ?6 g 


T 
11 


I11 
V 


VII 
VIII 


IX 
XI 


XI1 
XI11 
XIV 


700 
600 
400 
600 
50 
400 
200 
600 
100 
400 
100 


158 -2.9 
168 -1.7 
168 -3.6 
157 -3.4 
123 -0.5 
137 -2.1 
105 -2.6 
149 -1.9 
104 +0.5 
138 -0.5 
102 -0.6 


XV 100 114 -1.4 


a See Experimental for conditions and definitions. 


P-388 leukemia but was not. Two good P-388 dose-response experiments 
employing five doses each (range 600-50 mg/kg) gave values that ap- 
proached but did not exceed a T/C value of 125%. Compound VII showed 
more toxicity than the other analogs, with the doses a t  600,400, and 200 
mg/kg being toxic in each experiment. 


EXPERIMENTAL* 


3,4,5-Trimethoxybenzylamine (1V)-Method A-3,4,5-Tri- 
methoxybenzamide (3.6 g, 18 mmoles) and sodium borohydride (3.1 g, 
82 mmoles) were suspended in 40 ml of dried p-dioxane. To the suspen- 
sion was added acetic acid (4.8 g, 80 mmoles) in 20 ml of dried p-dioxane 
over 20 min at  10'. The resulting mixture was refluxed for 3 hr. After 
cooling, water was added to decompose the excess borohydride, and the 
mixture was evaporated to dryness under reduced pressure. The residue 
was stirred in 100 ml of chloroform and filtered, and the filtrate was 
saturated with hydrogen chloride gas. A white hydrochloride was pro- 
duced after evaporation, and it was dissolved in a minimum amount of 
water and extracted once with ethyl acetate. 


The aqueous layer was made basic with 10% NaOH and saturated with 
sodium chloride. The mixture was extracted twice with ether. The ether 
extracts were combined, dried over sodium sulfate, and evaporated to 
dryness to give 1.8 g (50%) of an oil. The NMR spectrum indicated that 
IV was pure; NMR (deuterochloroform): 1.68 (s,2H, NHz), 3.9 (m, 11H, 
CH3 and CHz), and 6.65 (s,2H, aromatic). This product was used without 
further purification for the next step. 


Method B-3,4,5-Trimethoxybenzonitrile (7.5 g, 39 mmoles) was 
dissolved in 250 ml of absolute ethanol and 10 ml of chloroform and was 


H,CO 
\ 


r \  HXO 


/ 
IV 


H,CO' HO 
\ 


HO 
v 


Scheme I 


All melting points are uncorrected and were recorded on a Thomas-Hoover 
capillary apparatus. Elemental analyaes were performed by Galbraith Laboratories, 
Knoxville, Tenn. NMR data are delta values relative to tetramethylsilane in deu- 
terochloroform or 3-(trimethylsiiyl)propionic acid sodium salt in deuterium oxide. 
Starting materials and compounds not described under Experimental were ob- 
tained from Aldrich Ohemical Co. 
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hydrogenated over platinum oxide (0.5 g) a t  45 psi for 5 hr. The catalyst 
was filtered, and the filtrate was evaporated to dryness under reduced 
pressure to give a white powder. The hydrochloride salt thus obtained 
was dissolved in 30 ml of water and extracted twice with ether. The 
aqueous layer was made basic with 10% NaOH, saturated with sodium 
chloride, and extracted three times with ether. The ether extracts were 
combined, dried over sodium sulfate, and evaporated to dryness to give 
5.6 g (75%) of pale-yellow oil with an NMR spectrum identical to that 
described for the product from Method A. 
3,4,5-Trihydroxybenzylamine Hydroiodide (V)-To a magnetically 


stirred solution of IV (7.5 g, 38 mmoles) in 47% hydroiodic acid (75 ml, 
470 mmoles) under nitrogen was added, by syringe, 43.5 ml(460 mmoles) 
of acetic anhydride through a septum. The reaction mixture was refluxed 
for 4 hr and evaporated to dryness in uacuo. Ethanol (100 ml) was added 
to the residue, and the solvent was evaporated again to yield a pale-yellow 
powder (5.0 g, 46%). Recrystallization from ethanol plus ether gave fine 
crystals, mp 196-198’ dec.; NMR (deuterium oxide): 4.00 (s, 2H, CH2) 
and 6.55 (s, 2H, aromatic). 


Anal.-Calc. for C.IHSNOTHI: C, 29.68; H, 3.53; N, 4,536. Found: C, 
29.66; H, 3.52; N, 4.81. 
2,3,4-Trimethoxybenzylamine (V1)-Compound VI was prepared 


as an oil in a 73% yield on a 5-g scale from the amide, using borohydride 
reduction as described for IV. It was used without further purification; 
NMR (deuterochloroform): 1.95 (s,2H, NHz), 3.70 (s, 2H, CHz), 3.79-3.83 
(m, 9H, CH3), 6.50 (d, l H , J  = 4.5 Hz, aromatic), and6.85 (d, 1 H , J  = 4.5 
Hz, aromatic). 
2,3,4-Trihydroxybenzylamine Hydroiodide (VI1)-Compound VII, 


mp 178-181’ dec., was prepared on a 7-g scale (89%) from VI by the 
procedure used for V; NMR (deuterium oxide): 4.15 (s, 2H, CHz), 6.50 
(d, lH, J = 4.5 Hz, aromatic), and 6.81 (d, lH,  J = 4.5 Hz, aromatic). 


Anal.-Calc. for C T H ~ N O ~ H I :  C, 29.68; H, 3.53; N, 4.96. Found: C, 
29.81; H, 3.70; N, 4.87. 


2,3-Dimethoxybenzylamine (X)-2,3-Dimethoxybenzonitrile (3.29 
g, 20 mmoles) was dissolved in 200 ml of absolute ethanol, and 10 ml of 
chloroform and 0.5 g of platinum oxide were added to this solution.The 
mixture was hydrogenated for 3 hr at 40 psi, the catalyst was filtered, and 
the solvent was evaporated. Then the residue was dissolved in a minimum 
amount of water and made basic with 10% NaOH. The mixture was sat- 
urated with sodium chloride and extracted three times with ether. The 
ether extracts were combined, dried over sodium sulfate, and evaporated 


to dryness to give 2.9 g (90%) of a yellow oil. The oil was used without 
further purification; NMR (deuterochloroform): 2.25 (s, 2H, NHz), 3.8 
(m, 8H, CH2 and CH3), and 6.81 (m, 3H, aromatic). 
2,3-Dihydroxybenzylamine Hydroiodide (XI)-Compound XI, mp 


157-158” dec., was prepared from X on a 5-g scale (60%) by the procedure 
used for V; NMR (deuterium oxide): 4.20 (s, 2H, CH2) and 6.95 (m, 3H, 
aromatic). 


Anal.-Calc. for C.IHSNOZ-HI: C, 31.46; H, 3.75; N, 5.24. Found C, 
31.59; H, 3.96; N, 5.26. 


Antitumor Testing-Antitumor activity was determined as percent 
T/C values, with T/C I 125% defined as statistically significant (Table 
I). Dose-response studies were carried out for each compound according 
to published National Cancer Institute protocols (10). Six mice per dose 
were inoculated intraperitoneally with lo6 P-388 leukemia cells on Day 
0. Control (untreated) mice usually died on about Day 11. Mice receiving 
drug were treated on Days 1-9 with intraperitoneal doses of the com- 
pound under investigation. Physiological saline (0.9%) was the vehicle. 
The mice (average weight 20 g) were weighed on Day 5; the weight dif- 
ference between treated and control mice (T - C) was an indication of 
dose toxicity. Weight losses greater than 4 g were considered exces- 
sive. 
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Abstract Bayerite, an aluminum hydroxide polymorph, readily forms 
when the hydroxyl to aluminum ratio of aluminum chlorohydrate is raised 
to 3 by titration with sodium hydroxide. Dilution of aluminum chlo- 
rohydrate solutions with water leads to the formation of gibbsite, another 
aluminum hydroxide polymorph. The mechanism of conversion in each 
instance is related to the structure of the A ~ I ~ O ~ ( O H ) ~ ~ ( H ~ O ) ? :  com- 
plex. 


Keyphrases n Aluminum chlorohydrate-conversion to aluminum 
hydroxide Aluminum hydroxide-conversion from aluminum chlo- 
rohydrate Antiperspirant activity-conversion of aluminum chlo- 
rohydrate to aluminum hydroxide 


Aluminum chlorohydrate recently was shown (1) to be 
the A11304(OH)24(H20):$ (I) complex described by Jo- 
hansson et al. (2). This structure is unusual in that it is 
composed of a central aluminum atom in tetrahedral 
configuration surrounded by 12 octahedral aluminum 
atoms. The charge is neutralized by chloride ions. In con- 


trast, aluminum hydroxide is composed exclusively of 
aluminum in octahedral configuration. The basic unit of 
aluminum hydroxide is a six-member ring composed of 
aluminum in octahedral configuration formed by a dehy- 
dration-deprotonation reaction (3). The relationship be- 
tween aluminum chlorohydrate and aluminum hydroxide 
was demonstrated by examining the effect of neutralizing 
aluminum chlorohydrate by the addition of sodium hy- 
droxide and the effect of diluting with water. 


EXPERIMENTAL 
Aluminum chlorohydrate was obtained commercially as a 50% (w/w) 


solution’. The effect of increasing the hydroxyl to aluminum ratio of 
aluminum chlorohydrate to 3 was studied by adding 500 ml of 0.394 N 
NaOH at  a rate2 of 10 ml/min to 500 ml of an aluminum chlorohydrate 


1 Lot 8473, Wicken Products, Huguenot, N.Y. 
Buchler Polystaltic Pump, Buchler Co., Fort Lee, N.J. 
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enzyme-inducing agents to a simple increase in hepatic 
first-pass metabolism. Although the existence of increased 
first-pass clearance was supported by the present analysis, 
the data suggest that an alternative mechanism, increased 
effective linear volume, may be responsible. Due to the 
increased retention of lidocaine in the liver as a result of 
increased effective liver volume, the first-pass clearance 
of lidocaine was much more extensive in epileptic patients 
than in normal volunteers. 


Although the possibility exists for a reduction in the 
extent of lidocaine absorption in the epileptic patient, no 
evidence for a similar interaction could be found in the 
literature. In addition, it is highly unlikely that all of the 
anticonvulsant drugs used in this study should have the 
same effect on absorption. However, there is evidence (7-9) 
for the increase in effective liver volume observed in the 
present study. An increase in liver mass during anticon- 
vulsant therapy, as well as an increase in binding affinity 
by the newly synthesized protein, has been postulated as 
possible mechanisms. 


In conclusion, changes in the pharmacokinetics of drugs 
due to the chronic administration of enzyme-inducing 
agents has been attributed solely to increases in the in- 
trinsic metabolic activity (6-9). Concomitant changes in 
blood flow are sometimes postulated as complementary 
mechanisms for increased clearance (9-11). However, one 
mechanism that has generally been overlooked is the effect 
of enzyme-inducing agents on the effective volume of the 
eliminating organ, e.g., the liver and/or intestinal mucosa, 
by increasing tissue mass or tissue binding (10-12). 


The results of the present ahalysis indicate that first- 
pass clearance may be a complex interaction of several 
pharmacokinetic parameters including blood flow, meta- 
bolic activity, and effective tissue volume. The complexity 
of this interaction may help to explain the apparent dis- 
crepancies between enzyme induction observed in vitro 
and in vivo. 
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Solubility and Partitioning V: 
Dependence of Solubility on Melting Point 


Keyphrases 0 Solubility-dependence on melting point, crystalline 
compounds 0 Crystalline compounds-polycyclic aromatic hydrocar- 
bons, dependence of solubility on melting point 


To the Editor: 
It is well known that the solubility (in any solvent) of a 


crystalline solute is at  least partially dependent on certain 
properties of the crystal. The reduction in solubility that 
is attributable to solute crystallinity is given by: 


(Eq. 1) 


where X c  and XscL are the mole fractional solubilities of 
the crystalline solute and of the supercooled liquid, re- 
spectively; T,  and T are the melting point and tempera- 
ture of interest, respectively (both in O K ) ;  AS, is the en- 
tropy of fusion of the crystal; and AC, is the difference in 
heat capacity between the crystal and the supercooled 
liquid. 


The supercooled liquid, SCL, is the result of melting the 
crystal at  the temperature of interest, which is assumed 
to be below the melting point. It is the equivalent to the 
“oil” form of the substance. In most cases, it is not possible 
to produce the oil or molten form below the melting point. 
For these cases, the supercooled liquid represents a hy- 
pothetical state. 


To estimate the solubility of crystalline compounds, it 
is necessary to estimate the crystal-liquid solubility ratio, 
X c/XscL. This estimation is normally facilitated by 
simplifying Eq. 1 to remove the AC, terms. Two alterna- 
tive approximations for AC, are commonly used: AC, = 
0 and AC, = AS,. These approximations lead to the fol- 
lowing simplifications. 


If AC, = 0: 
X c  ASf(T, - 7’) log- = - XSCL 2.303RT 


If AC, = AS,: 


ln ($) XC log-=-- xscL 2.303R 


(Eq. 2) 


(Eq. 3) 


Equation 2 was used by Yalkowsky and coworkers (14,  
whereas Eq. 3 was used by Martin et  al. (5) and was rec- 
ommended by Hildebrand et  al. (6). 


To verify one or the other of these approximations, it is 
necessary to find a set of crystalline solutes and a solvent 
for which XscL is known. The crystalline polycyclic aro- 
matic hydrocarbons (pah) in benzene are such a system. 
Since the solutes and solvent have no permanent dipoles, 
the major cohesive interactions will be the result of London 
dispersion forces. Dispersion forces are primarily depen- 
dent on polarizability, which is proportional to volume for 
hydrocarbons. Thus, the cohesive energy density of the 
solutes and the solvent is very similar, and the solutions 
are very nearly ideal. Because the components of an ideal 
solution are completely miscible (if they are liquids), it can 
be assumed that XscL = 1.0 for the polycyclic aromatic 
hydrocarbons in benzene. 


It has been shown that the entropy of fusion of confor- 
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Table I-Entropies of Fusion of Some Polycyclic Aromatic 
Hydrocarbons 


Reference 8 Reference 9 Reference 10 


Diphenyl 
Naphthalene 
Anthracene 
Phenanthrene 
Pyrene 
Triphenylene 
Chrysene 
Fluorene 
Acenaphthene 
Fluoranthrene 


- 
13.0 
14.0 
10.8 
9.6 
12.7 
11.8 
11.6 
14.3 
11.8 


13.2 
24.7 
14.1 
10.5 
8.6 
- 
- 


12.1 
14.4 
- 


13.0 
13.1 
14.1 
12.1 
- 
- 
14.9 


13.6 
- 


- 


mationally rigid molecules is reasonably constant. Most 
large aromatic molecules have ASf N 13.5 cal/"K/mole. 
The values of the entropy of fusion of some polycyclic ar- 
omatic hydrocarbons are shown in Table I. 


Equations 2 and 3 can be tested by regression analysis 
of Xf&e,e as a function of (T,  - T)/2.303RT and In 
(Tm/T)/2.303R, respectively, and comparison of the slopes 
with the expected value of 13.5 cal/"K/mole. 


The values of (T,  - T)/2.303RT and ln(Tm/T)/2.303R 
do not differ greatly for low melting solutes studied at room 
temperature. However, they can significantly deviate from 
one another a t  higher temperatures. The values of the two 
terms as a function of melting point at T = 300 and 400 OK 
are shown in Table 11. 


The solubilities of 14 polycyclic aromatic hydrocarbons 
in benzene as determined previously (7) at several tem- 
peratures are given in Table 111. These data provide an 
excellent opportunity to test and compare the described 
equations. Table IV provides a summary of the least- 
squares regression analysis of the data in Table I11 against 
Eqs. 2 and 3. Both curves were forced through the or- 
igin. 


It is apparent that both equations give excellent corre- 
lations with the data. The statistical parameters show 
better fit with Eq. 2, although the difference is not signif- 
icant. The major difference between the two equations lies 
in the value of the slope. If the entropy of fusion of the 
polycyclic aromatic hydrocarbons is constant, as appears 
to be the case, the slope is equal to that value. The entropy 
of fusion calculated from Eq. 2 (16.19 calPK/mole) is much 
closer to the expected value of 13.5 cal/"K/mole than the 
slope of Eq. 3 (19.58 cal/"K/mole). 


The slight difference between the slope obtained with 
Eq. 2 and 13.5 cal/OK/mole is probably due to a systematic 
change in cohesive energy density with increasing molec- 
ular size and, thus, with increasing melting point. This 
change would cause the larger and higher melting hydro- 
carbons to have XscL progressively less than the ideal 
value of unity. It would also cause Xc/XscL to appear to 
be artifactually high and thus increase the slope over the 


Table 11-Dependence of (T, - T)/2.303RT and In( T,/T)/ 
2.303B on T,,, and T 


T = 300 O K  T = 400 "K 
(Trn - T )  In(Tm/T) (Trn - T )  ln(Tm/T) 


Trn 2.303RT 2.303RT 2.303RT 2.303RT 


300 0 0 
400 0.07 0.06 0 0 
500 0.15 0.11 0.05 0.05 
600 0.22 0.15 0.11 0.09 
700 0.29 0.19 0.16 0.12 


- - 


Table 111-Solubility of Polycyclic Aromatic Hydrocarbons in 
Benzene 


Melting Mole Fraction 
Point Temperature Solubility 


Solute (Tm), "K (7'1, "K (XI 
Diphenyl 


o-Terphenyl 


m-Terphenyl 


p-Terphenyl 


1,3,5-Triphenylbenzene 


Naphthalene 


Anthracene 


Phenanthrene 


Pyrene 


Triphenylene 


Chrysene 


Fluorene 


Acenaphthene 


Fluoranthene 


69 
69 
69 
69 
56 
56 
56 
56 
87 
87 
87 
87 
87 
87 
213 
213 
213 
213 
213 
175 
175 
175 
175 
175 
175 
80 
80 
80 
80 
80 
218 
218 
218 
218 
218 
98 
98 
98 
98 
98 
150 
150 
150 
150 
150 
198 
198 
198 
198 
198 
254 
254 
254 
254 
113 
113 
113 
113 
113 
94 
94 
94 
94 
110 
110 
110 
110 


37.0 
47.6 
59.2 
63.2 
28.0 
32.4 
44.8 
50.4 
36.8 
47.0 
60.8 
67.4 
74.2 
77.6 
38.0 
60.2 
64.2 
68.0 
77.6 
25.2 
28.6 
40.4 
46.2 
59.4 
66.6 
35.0 
45.0 
47.4 
63.2 
75.8 
35.8 
42.4 
50.6 
59.6 
70.2 
32.0 
40.2 
41.8 
50.2 
58.0 
32.4 
58.6 
66.8 
76.2 
84.6 
39.4 
47.6 
63.8 
69.4 
82.8 
35.6 
45.8 
60.6 
72.2 
33.6 
54.4 
58.4 
69.4 
72.8 
30.6 
41.4 
63.2 
69.4 
44.8 
56.0 
64.4 
77.2 


0.5118 
0.6478 
0.8195 
0.8916 
0.5852 
0.6442 
0.8012 
0.9013 
0.2827 
0.3338 
0.5466 
0.6407 
0.7571 
0.8344 
0.0071 
0.0156 
0.0178 
0.0204 
0.0279 
0.0299 
0.0351 
0.0483 
0.0562 
0.0795 
0.0960 
0.3766 
0.4806 
0.5094 
0.7119 
0.9180 
0.0103 
0.0130 
0.0173 
0.0225 
0.0315 
0.2239 
0.2836 
0.2990 
0.3750 
0.4572 
0.0734 
0.1506 
0.1896 
0.2441 
0.3014 
0.0140 
0.0181 
0.0289 
0.0341 
0.0497 
0.0021 
0.0032 
0.0052 
0.0079 
0.1604 
0.2778 
0.3095 
0.4059 
0.4405 
0.1815 
0.2540 
0.4731 
0.5552 
0.2174 
0.3011 
0.3826 
0.5331 


Table IV-Summary of Regression Analyses 


Eauation 2 Eauation 3 


Slope = AS, 16.19 19.58 
Correlation coefficient 0.9945 0.9903 
Coefficient of variation 13.49 17.91 
Standard deviation 0.120 0.159 
Number of data points 67 67 
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expected value. (If the analysis is restricted to hydrocar- 
bons that melt at  or below 150, the observed slopes are 
13.96 for Eq. 2 and 15.40 for Eq. 3.) 


Thus, it appears that Eq. 2 is more meaningful than Eq. 
3 for quantitating the effects of solute crystallinity on 
solubility. This finding implies that the value of AC, for 
the polycyclic aromatic hydrocarbons is closer to zero than 
it is to AS,. These results are in agreement with the results 
obtained for the aqueous solubility of a large number of 
organic nonelectrolytes of widely varying structure (1). 
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REVIEWS 


Analytical Profiles of Drug Substances, Vol. 9. Edited by KLAUS 
FLOREY. Academic, 111 Fifth Ave., New York, NY 10003.1980.618 
pp. 15 X 23 cm. 
This book is the ninth in a continuing series that covers the analytical 


aspects of specific drug entities. It was compiled under the auspices of 
the Pharmaceutical Analysis and Control Section of the Academy of 
Pharmaceutical Sciences. The individual profiles or monographs are 
much more complete than those found in the compendia. The informa- 
tion in the Analytical Profiles series not only includes compendial tests 
but also important supplemental information including synthesis, ad- 
ditional physical properties, data on stability, absorption, metabolism, 
and excretion, and various analytical methods. In general, each profile 
is a literature review, but IR, mass spectrometric, UV, and NMR spectra 
are reproduced along with appropriate crystallographic data. The cov- 
erage of the quantitative analytical procedures is usually very complete 
and includes dosage forms, biological fluids, foodstuffs where appropriate, 
and related information. 


Volume 9 includes 19 new monographs: bacitracin, bretylium tosylate, 
carbamazepine, cefaclor, cefamandole nafate, cyproheptadine, diben- 
zepine hydrochloride, digoxin, doxorubicin, fluphenazine decanoate, 
gentamicin sulfate, haloperidol, khellin, lorazepam, methoxsalen, nadolol, 
nitrazepam, nitroglycerin, and trifluoperazine hydrochloride. In addition, 
the Addendum contains monographs for griseofulvin and methadone 
hydrochloride. 


While praising Analytical Profiles in general, and Volume 9 in par- 
ticular, this reviewer believes it is time for the editorial board to define 
more carefully what they want Analytical Profiles to become. Some of 
the drugs covered in Volume 9 are relatively new entities. Others, such 
as bacitracin, digoxin, haloperidol, khellin, and nitroglycerin, could be 
called classics. One would have thought that these drugs would have been 
covered years ago. It is not clear from reading the two monographs on 
griseofulvin and methadone hydrochloride in the Addendum what has 
been added. Furthermore, a review of the bibliography for griseofulvin 
shows 18 of 29 references published prior to 1969, six prior to 1974, four 
prior to 1979, and one unpublished paper authored by the individuals 
who wrote the monograph. Griseofulvin also appeared in Volume 8 of 
Analytical Profiles. What new information appears that was not pub- 
lished a year ago? This question is not answered. The other drug pub- 
lished in the Addendum, methadone hydrochloride, first appeared in 
Volumes 3 and 4 and probably i s  in need of updating. But, again, the 


updated information is not specified. Indeed, this monograph does not 
even reference the previous material found in Volumes 3 and 4. 


The two drugs covered in the Addendum brings up another point. 
There does not seem to be a systematic plan to update the older mono- 
graphs. With the rapid changes occurring in analytical methodology and 
instrumentation, such a plan seems to be imperative. 


Nevertheless, this series meets a real need by bringing together a 
concise literature review of the analytical description of important drug 
entities. Volume 9 is no exception. Its purchase is recommended highly 
for appropriate libraries, workers in pharmaceutical analysis, and teachers 
of pharmaceutical chemistry who want to maintain excellent personal 
libraries. 


Reviewed by John H. Block 
School of Pharmacy 
Oregon State University 
Corvallis, OR 97331 


Clinical Pharmacokinetics: Concepts and Applications. By MAL- 
COLM ROWLAND and THOMAS N. TOZER. Lea & Febiger, 600 
Washington Square, Philadelphia, PA 19106.1980.331 pp. 17 X 25 cm. 
Price U.S. $29.50 (Canada $35.50). 
This book is an important contribution that will facilitate teaching a 


clinically relevant introductory course in pharmacokinetics. The goal of 
the authors was to fill a void which, in their own words, “has been the lack 
of a book that teaches the application of pharmacokinetics in drug 
therapy” to students, practitioners, and researchers. They are to be 
congratulated for achieving their goal. 


The book is divided into four sections: Concepts, Disposition and 
Absorption Kinetics, Therapeutic Regimens, and Individualization. Each 
section is well supported with literature data and computer simulations. 
Chapters 5, 6, and 11 present a detailed, yet readable, description of 
clearance concepts (i.e., the factors that determine steady-state plasma 
concentration). In contrast to most books written in the area of phar- 
macokinetics, college calculus is not needed to appreciate the textual 
material. Indeed, the authors remove much of the “mathematical fog” 
that has shrouded pharmacokinetics. 


Several minor limitations to the text should be listed. Nonlinear ki- 
netics is discussed quite briefly; i.e., after reading the text, it is likely that 
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Human Blood Preservation: Effect on In  Vitro 
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Abstract 0 In uitro plasma protein binding for phenytoin, meperidine, 
and bretylium tosylate was affected by the type of preserved human blood 
used for its estimation. Fresh heparinized plasma and serum gave 
equivalent fractions bound at the concentrations studied for all three 
drugs. However, the in oitro plasma binding of phenytoin and meperidine 
decreased -9-50% when estimated in fresh citrated plasma or commer- 
cially available lyophylized human serum at  the concentration levels 
investigated. The fraction of bretylium tosylate bound to plasma protein 
decreased -3040% when estimated in fresh citrated plasma but was 
unchanged when estimated in the lyophylized human serum. 


Keyphrases Binding, plasma protein-effect of blood preservation, 
humans 0 Blood-preservation, effect on in uitro plasma protein binding 
0 Pharmacokinetics-effect of human blood preservation on in uitro 
protein binding 


binding of quinidine (5). Therefore, it is important that the 
effect of blood constituents and preservatives be evalu- 
ated. 


The purpose of this investigation was to determine if a 
standard anticoaguladpreservative would interfere with 
the binding of other drugs and the suitability of a com- 
mercially available lyophilized serum1 as a substitute for 
blood bank plasma when large volumes of plasma/serum 
are required. The drugs studied, phenytoin, meperidine, 
and bretylium tosylate, are chemically different and have 
been reported2 to exhibit a binding of 90,60, and 1OO/o2, 
respectively (3,”). 


The influence of plasma protein binding on the distri- 
bution and elimination of drugs was recently reviewed (1). 
Accurate evaluation of the fraction of drug bound is es- 
sential for a thorough understanding of a drug’s pharma- 
cokinetics. Plasma/serum protein binding is normally es- 
timated using several in uitro techniques such as equilib- 
rium dialysis, ultrafiltration, gel filtration, differential 


EXPERIMENTAL 


Blood was obtained from one healthy male volunteer, 27 years of age, 
who was not using any medication. Blood was collected in a clean glass 
flask containing either 400 IU of heparid20 ml of blood or 63 ml of citrate 
phosphate dextrose/450 ml of blood. The blood to be used as serum was 
collected in clean glass test tubes and allowed to clot. Lyophilized serum’, 
reconstituted according to the manufacturer’s suggestion, was used as 
the commercial source of lyophilized human serum. 


Table I-Effect of Blood Preservation Procedure on Fraction of Drug Bound 


Concentration, Fresh Plasma Fresh Plasma Lyophilized 
Drug Ccdml Heparin Citrate Fresh Serum Serum 


Phenytoin 15.0 0.89 (0.90,0.88) 0.80 (0.76,0.84) 0.89 (0.89,0.89) 0.80 (0.79,0.81) 
5.0 0.90 (0.89,0.90) 0.81 (0.79,0.83) 0.90 (0.91,0.89) 0.80 (0.80,0.80) 


Meperidine 0.98 0.58 (0.56,0.60) 0.25 (0.23,0.27) 0.54 (0.52,0.56) 0.26 (0.22,0.30) 
0.12 0.60 (0.58,0.62) 0.27 (0.22,0.28) 0.58 (0.52,0.62) 0.23 (0.18,0.28) 


tosylate 0.3 0.11 (0.12,O.ll) 0.06 (0.06,0.05) 0.11 (0.10,0.12) 0.10 (0.08,0.12) 
Bretylium 1.2 0.13 (0.14,0.12) 0.04 (0.04,0.04) 0.10 (0.12,0.09) 0.12 (0.12,0.12) 


a Mean of two determinations; individual values are given in parentheses. 


spectrophotometry, and electrophoresis (2). Several in- 
vestigators determined plasma protein binding in fresh 
plasma from subjects participating in pharmacokinetic 
studies (3,4), and other sources of blood were utilized in 
other studies. A frequently reported source is fresh blood 
bank plasma (5,6). Blood bank plasma is normally pre- 
served with a standard anticoagulant/preservative, citrate 
phosphate dextrose USP. However, the presence of pre- 
servative has been implicated in lowering the protein 


A standard solution of [14C]meperidine, [14C]bretylium tosylate, or 
[14C]phenytoin was added to plasma at  two concentrations within the 
respective therapeutic ranges. Protein binding was then determined by 
equilibrium dialysis. The samples were dialyzed across a cellophane 
membrane against phosphate buffer (0.067 M, pH 7.4) at 37O using a 
dialysis cell. Equilibrium was achieved for each drug by 24 hr. A control 


~ ~ 


Sera Chem, Fisher Scientific, Orangeburg, NY 10962. 
A. Yacobi, personal communication, American Critical Care, McGaw Park, 


IL. 
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dialysis was run at each concentration. Following equilibration, aliquots 
of the buffer and plasma compartments were sampled and analyzed by 
liquid scintillation spectrometry. Sample efficiency was estimated by 
external standardization. 


RESULTS AND DISCUSSION 


Data presented in Table I indicate agreement of the binding values in 
fresh serum and heparinized plasma with those reported earlier2 (3,7). 
However, the binding of all three drugs significantly decreased in the fresh 
blood bank plasma, thereby indicating drug displacement from binding 
sites by the citrate phosphate dextrose preservative. The decreased 
binding was not due to a change in pH since the pH was maintained at  
7.4 after addition of the preservative. The binding of phenytoin and 
meperidine was also lowered in lyophiliied serum while that of bretylium 
tosylate was not affected. The manufacturer reports that salicylates are 
added to lyophilized serum. Therefore, a possible explanation may be 
a change in protein conformation due to freezing and reconstitution, 
which would affect the more heavily bound drugs (phenytoin and mep- 
eridine) or competitive interaction with the sdicylates. Bretylium tosylate 
would be least affected since it is only 10% bound. 


Based on these results, studies done with commercial lyophilized serum 


should be verified by binding studies in fresh plasmaherum. Further- 
more, when blood bank plasma is used for binding studies, the type of 
preservative used should be stated to allow rigorous evaluation of the 
pharmacokinetic parameters related to the free fraction and to facilitate 
duplication of protein binding studies. 
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Abstract 0 Two acyclic puromycin analogs, in which the 2’- and 5’- 
hydroxymethyl groups or the 2’-hydroxyl and 5’-hydroxyethoxy portions 
of the cyclic carbohydrate ring were excised, were synthesized and eval- 
uated for inhibition of an in uitro protein-synthesizing system and for 
antiviral and antibacterial activity. No puromycin-like activity was seen 
with these conformationally free compounds. 


Keyphrases 0 Puromycin-acyclic analogs, synthesis and analysis, 
evaluation for inhibition of protein synthesis and antiviral and antibac- 
terial activity Analogs-of puromycin, acyclic, synthesis and analysis, 
evaluation for inhibition of protein synthesis and antiviral and antibac- 
terial activity 0 Antineoplastics-puromycin, synthesis and analysis of 
acyclic analogs, evaluation for inhibition of protein synthesis and antiviral 
and antibacterial activity 


A program initiated to synthesize nucleoside analogs, 
in which the cyclic carbohydrate moiety is replaced by an 
acyclic side chain, led to the discovery of the potent anti- 
herpetic drug acyclovir, 9-[(2-hydroxyethoxy)methyl]- 
guanine1 (1). This approach to nucleoside modification has 
been extended to the synthesis of two acyclic analogs of the 
broad spectrum antibiotic puromycin (I). This nucleoside 
antibiotic, which is an inhibitor of protein biosynthesis, 
has not been useful in the treatment of human disease 
because of its nephrotoxicity (2). It was shown ( 3 4 ,  
however, that toxicity could be alleviated by removal of the 
5’-hydroxy group. 


This paper reports an approach to separation of toxicity 
from activity involving the synthesis of distinct fragments 
of puromycin in which parts of the cyclic carbohydrate 


’ Zovirax. 


moiety are excised. Elimination of the 2’- and 5‘-hy- 
droxymethyl groups (dotted lines in I) or the 2’-hydroxyl 
and 5’-hydroxyethoxy portions (broken lines) would leave 
side chains as in IIa or IIb, respectively2. Both IIa and IIb 
can assume a conformation that is superimposable on 
puromycin, but they lack the 5’-hydroxyl group implicated 
in puromycin toxicity (3,6). Open chain analogs similar to 


H3C\N/CH3 


I 
_______~ 


* In this work, the readily available DL-phenylalanine was used since the phe- 
nylalanyl analog of puromycin is nearly as active as puromycin (7,8). In addition, 
the N 6-methyl groups of puromycin were shown to be unnecessary for puromy- 
cin-like activity (9). 
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hydrogenated over platinum oxide (0.5 g) a t  45 psi for 5 hr. The catalyst 
was filtered, and the filtrate was evaporated to dryness under reduced 
pressure to give a white powder. The hydrochloride salt thus obtained 
was dissolved in 30 ml of water and extracted twice with ether. The 
aqueous layer was made basic with 10% NaOH, saturated with sodium 
chloride, and extracted three times with ether. The ether extracts were 
combined, dried over sodium sulfate, and evaporated to dryness to give 
5.6 g (75%) of pale-yellow oil with an NMR spectrum identical to that 
described for the product from Method A. 
3,4,5-Trihydroxybenzylamine Hydroiodide (V)-To a magnetically 


stirred solution of IV (7.5 g, 38 mmoles) in 47% hydroiodic acid (75 ml, 
470 mmoles) under nitrogen was added, by syringe, 43.5 ml(460 mmoles) 
of acetic anhydride through a septum. The reaction mixture was refluxed 
for 4 hr and evaporated to dryness in uacuo. Ethanol (100 ml) was added 
to the residue, and the solvent was evaporated again to yield a pale-yellow 
powder (5.0 g, 46%). Recrystallization from ethanol plus ether gave fine 
crystals, mp 196-198’ dec.; NMR (deuterium oxide): 4.00 (s, 2H, CH2) 
and 6.55 (s, 2H, aromatic). 


Anal.-Calc. for C.IHSNOTHI: C, 29.68; H, 3.53; N, 4,536. Found: C, 
29.66; H, 3.52; N, 4.81. 
2,3,4-Trimethoxybenzylamine (V1)-Compound VI was prepared 


as an oil in a 73% yield on a 5-g scale from the amide, using borohydride 
reduction as described for IV. It was used without further purification; 
NMR (deuterochloroform): 1.95 (s,2H, NHz), 3.70 (s, 2H, CHz), 3.79-3.83 
(m, 9H, CH3), 6.50 (d, l H , J  = 4.5 Hz, aromatic), and6.85 (d, 1 H , J  = 4.5 
Hz, aromatic). 
2,3,4-Trihydroxybenzylamine Hydroiodide (VI1)-Compound VII, 


mp 178-181’ dec., was prepared on a 7-g scale (89%) from VI by the 
procedure used for V; NMR (deuterium oxide): 4.15 (s, 2H, CHz), 6.50 
(d, lH, J = 4.5 Hz, aromatic), and 6.81 (d, lH,  J = 4.5 Hz, aromatic). 


Anal.-Calc. for C T H ~ N O ~ H I :  C, 29.68; H, 3.53; N, 4.96. Found: C, 
29.81; H, 3.70; N, 4.87. 


2,3-Dimethoxybenzylamine (X)-2,3-Dimethoxybenzonitrile (3.29 
g, 20 mmoles) was dissolved in 200 ml of absolute ethanol, and 10 ml of 
chloroform and 0.5 g of platinum oxide were added to this solution.The 
mixture was hydrogenated for 3 hr at 40 psi, the catalyst was filtered, and 
the solvent was evaporated. Then the residue was dissolved in a minimum 
amount of water and made basic with 10% NaOH. The mixture was sat- 
urated with sodium chloride and extracted three times with ether. The 
ether extracts were combined, dried over sodium sulfate, and evaporated 


to dryness to give 2.9 g (90%) of a yellow oil. The oil was used without 
further purification; NMR (deuterochloroform): 2.25 (s, 2H, NHz), 3.8 
(m, 8H, CH2 and CH3), and 6.81 (m, 3H, aromatic). 
2,3-Dihydroxybenzylamine Hydroiodide (XI)-Compound XI, mp 


157-158” dec., was prepared from X on a 5-g scale (60%) by the procedure 
used for V; NMR (deuterium oxide): 4.20 (s, 2H, CH2) and 6.95 (m, 3H, 
aromatic). 


Anal.-Calc. for C.IHSNOZ-HI: C, 31.46; H, 3.75; N, 5.24. Found C, 
31.59; H, 3.96; N, 5.26. 


Antitumor Testing-Antitumor activity was determined as percent 
T/C values, with T/C I 125% defined as statistically significant (Table 
I). Dose-response studies were carried out for each compound according 
to published National Cancer Institute protocols (10). Six mice per dose 
were inoculated intraperitoneally with lo6 P-388 leukemia cells on Day 
0. Control (untreated) mice usually died on about Day 11. Mice receiving 
drug were treated on Days 1-9 with intraperitoneal doses of the com- 
pound under investigation. Physiological saline (0.9%) was the vehicle. 
The mice (average weight 20 g) were weighed on Day 5; the weight dif- 
ference between treated and control mice (T - C) was an indication of 
dose toxicity. Weight losses greater than 4 g were considered exces- 
sive. 


REFERENCES 


(1) J. S. Driscoll, N. R. Melnick, F. R. Quinn, R. Ing, B. J. Abbott, G. 
Congleton, and L. Dudeck, Cancer Treat. Rep., 62,45 (1978). 


(2) M. M. Wick, J.  Inuest. Dermatol., 71, 163 (1978). 
(3) M. M. Wick, Cancer Treat. Rep., 63,991 (1979). 
(4) J. S. Driscoll, J.  Pharm. Sci., 68,1519 (1979). 
(5) D. R. Hwang and J. S. Driscoll, ibid., 68,816 (1979). 
(6) N. Umino, T. Iwakuma, and N. Itoh, Tetrahedron Lett., 1976, 


(7) J. A. Secrist and M. W. Logue, J. Org. Chem., 37,335 (1972). 
(8) J. L. Neumeyer, M. McCarthy, S. P. Battista, F. J. Rosenberg, 


and D. G .  Teigler, J. Med. Chem., 16,1228 (1973). 
(9) W. J. Hickinbottom and R. F. Garwood, in “The Chemistry of 


Carbon Compounds,” vol. IIIB, E. H. Rodd, Ed., Elsevier, New York, 
N.Y., 1956, p. 732. 


(10) R. I. Geran, N. H. Greenberg, M. M. MacDonald, A. M. Schu- 
macher, and B. J. Abbott, Cancer Chemother. Rep., Part 3, 3(2), 1 
(1972). 


763. 


Aluminum 
Aluminum 


Chlorohydrate 111: Conversion to 
Hydroxide 


DIRK L. TEAGARDEN *, JOE L. WHITE $, and STANLEY L. HEM *x 


Received October 3,1980, from the *Department of Industrial and Physical Pharmacy and the $Department of Agronomy, Purdue Uniuersity, 
West Lafayette, IN 47907. Accepted for publication December 8,1980. 


Abstract Bayerite, an aluminum hydroxide polymorph, readily forms 
when the hydroxyl to aluminum ratio of aluminum chlorohydrate is raised 
to 3 by titration with sodium hydroxide. Dilution of aluminum chlo- 
rohydrate solutions with water leads to the formation of gibbsite, another 
aluminum hydroxide polymorph. The mechanism of conversion in each 
instance is related to the structure of the A ~ I ~ O ~ ( O H ) ~ ~ ( H ~ O ) ? :  com- 
plex. 


Keyphrases n Aluminum chlorohydrate-conversion to aluminum 
hydroxide Aluminum hydroxide-conversion from aluminum chlo- 
rohydrate Antiperspirant activity-conversion of aluminum chlo- 
rohydrate to aluminum hydroxide 


Aluminum chlorohydrate recently was shown (1) to be 
the A11304(OH)24(H20):$ (I) complex described by Jo- 
hansson et al. (2). This structure is unusual in that it is 
composed of a central aluminum atom in tetrahedral 
configuration surrounded by 12 octahedral aluminum 
atoms. The charge is neutralized by chloride ions. In con- 


trast, aluminum hydroxide is composed exclusively of 
aluminum in octahedral configuration. The basic unit of 
aluminum hydroxide is a six-member ring composed of 
aluminum in octahedral configuration formed by a dehy- 
dration-deprotonation reaction (3). The relationship be- 
tween aluminum chlorohydrate and aluminum hydroxide 
was demonstrated by examining the effect of neutralizing 
aluminum chlorohydrate by the addition of sodium hy- 
droxide and the effect of diluting with water. 


EXPERIMENTAL 
Aluminum chlorohydrate was obtained commercially as a 50% (w/w) 


solution’. The effect of increasing the hydroxyl to aluminum ratio of 
aluminum chlorohydrate to 3 was studied by adding 500 ml of 0.394 N 
NaOH at  a rate2 of 10 ml/min to 500 ml of an aluminum chlorohydrate 


1 Lot 8473, Wicken Products, Huguenot, N.Y. 
Buchler Polystaltic Pump, Buchler Co., Fort Lee, N.J. 
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Figure 1-Change in hydroxyl-stretching frequency region of IR 
spectrum following neutralization of aluminum chlorohydrate. Key: 
bottom curve, initial; middle curve, after 10 days at 25"; and top curve, 
after 1 1  1 days at 25". 


solution, which was 0.788 M in aluminum. Upon completion of the ti- 
tration, stirring was continued for 10 min; the solid phase that formed 
was washed with distilled water. After air drying, the solid phase was 
examined by X-ray diffraction3 and IR spectroscopy4. 


The effect of dilution with deionized water was studied by adding 
enough distilled water to the commercial 50% (w/w) aluminum chlo- 
rohydrate solution (6.2 M in aluminum) to produce solutions ranging 
from 1.39 X to 2.5 M in aluminum. The solutions were aged at  25" 
in plastic bottles. Turbidity was monitored by measuring the absorbance 
at  400 nm. The white precipitate that formed in some solutions was col- 
lected by filtration through a 100-A filter5. The solid phase was washed 
with distilled water and lyophilized. A sample of the filtrate also was ly- 
ophilized. Both lyophilized samples were examined by IR spectroscopy 
as potassium bromide pellets. 


RESULTS AND DISCUSSION 


The relationship between aluminum chlorohydrate and aluminum 
hydroxide was investigated ky titrating an aluminum chlorohydrate so- 
lution with sodium hydroxide until the hydroxyl to aluminum ratio was 
3. Figure 1 shows the hydroxyl-stretching region of the IR spectrum be- 
fore and after titration. After 10 days, this region was much sharper, and 
indications of distinct absorption bands had developed. After 111 days, 


3 Siemens A. G. Kristalloflex 4 generator, type F diffractometer, Karlsruhe, West 


5 Filter VFWP 047-00, Millipore Corp., Bedford, Mass. 


Germany. 
Model 180, Perkin-Elmer Corp., Norwalk, Conn. 


DAYS. 
Figure 2-Change in p H  ( 0 )  and turbidity ( w )  following dilution of 
aluminum chlorohydrate to 2.5 X lod2  M in aluminum during aging at 
2 5 O .  


sharp bands occurred at  3650, 3540, and 3460 cm-l. These hydroxyl- 
stretching bands correspond to the hydroxyl-stretching vibrations of 
bayerite (4). The X-ray diffractogram of the 111-day sample had sharp 
peaks at 4.72,4.35,3.20,2.22, and 1.72 A. The position of these peaks also 
correspond to those of bayerite (4). 


The conversion of aluminum chlorohydrate to bayerite can be ra- 
tionalized based on the structure of the I complex. The added hydroxyl 


WAVE NUMBER, cm-I 


Figure 3-Hydroxyl-stretching frequency region of IR spectrum of solid 
phase that formed following dilution of aluminum chlorohydrate to 2.5 
X 1 0 - 2  M in aluminum ( P )  compared to natural gibbsite (C) .  
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anions are strongly attracted to the highly charged aluminum polynuclear 
cation. As the charge is neutralized, the complex disassociates and alu- 
minum hydroxide forms. Because the solution pH was raised to 8 by the 
addition of sodium hydroxide, bayerite, the aluminum hydroxide poly- 
morph that forms under basic conditions, was produced. 


Aluminum chlorohydrate also is unstable if it is diluted with water (5, 
6). Figure 2 shows that when aluminum chlorohydrate was diluted to 2.5 
X lo-* M in aluminum, the pH first increased and then decreased. Earlier 
reports only noted a decrease in pH following dilution. However, the 
initial increase in pH is important and is consistent with the recently 
proposed structure of aluminum chlorohydrate (I). The central tetra- 
hedral aluminum in the I complex is surrounded by 12 aluminum atoms 
in octahedral configuration. In dilute aqueous solution, the highly charged 
aluminum polycations are widely separated, and the stabilizing effect 
of the chloride counterions and other aluminum chlorohydrate complexes 
is reduced. As the I complex disassociates, the tetrahedral aluminum is 
exposed to the aqueous environment. Since the octahedral configuration 
is the stable form of aluminum below pH 8 (7-lo), the tetrahedral alu- 
minum converts to an octahedral configuration. Exposure of the four 
negatively charged oxygens, which form the outer shell of the aluminum 
tetrahedral, to the aqueous environment results in the attraction of 
protons and water to complete the octahedral configuration. The ad- 
sorption of protons is reflected in the initial increase in pH. However, the 
overall trend is a decrease in pH, which is consistent with the formation 
of octahedral aluminum into aluminum hydroxy polymers by the de- 
protonation-dehydroxylation mechanism (3). 


The stability of aluminum chlorohydrate is concentration dependent 
since very little change in pH was observed unless the solution was <0.1 
M in aluminum. At high concentration, the positively charged I spherical 
complexes are tightly packed and surrounded by stabilizing chloride 
counterions. Thus, aluminum chlorohydrate complex is self-stabilizing 
at high concentration. 


Turbidity measurements of the diluted aluminum chlorohydrate so- 
lutions also showed that the stability of the complex was concentration 
dependent. Turbidity was not observed during this study unless the 
concentration was 4 .1  M or lower in terms of aluminum. Figure 2 also 
shows the development of turbidity following dilution to 2.5 X M 
in aluminum. 


The insoluble degradation product resulting from the dilution of alu- 
minum chlorohydrate was collected by filtration and examined by IR 


spectroscopy. The hydroxyl-stretching bands coincide with the hy- 
droxyl-stretching bands of gibbsite (Fig. 3). The IR spectrum of the ly- 
ophilized filtrate was identical to the reference spectrum for aluminum 
chlorohydrate (11). Thus, it is believed that the I complex disassociates 
in dilute solution. The tetrahedral aluminum converts to an octahedral 
configuration due to the pH, and the octahedral aluminum species form 
aluminum hydroxide by deprotonation-dehydration. Gibbsite is the 
end-product of dilution since it is the stable polymorph of aluminum 
hydroxide in the acidic region. Therefore, the conversion of aluminum 
chlorohydrate to aluminum hydroxide upon complete neutralization or 
following dilution with water is consistent with the structure of the I 
complex that was proposed recently to be aluminum chlorohydrate. 
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Abstract A simple, precise, rapid, and sensitive colorimetric method 
was adapted for the quantitative analysis of prednisolone in dog plasma. 
A paper chromatographic procedure was modified by the use of thin-layer 
plates coated with microcrystalline cellulose. Heparinized blood samples 
were separated from the cellular elements and extracted with methylene 
chloride. After washing with acid and alkali, the extract was evaporated 
to dryness. The residue was dissolved in methanol and streaked on the 
TLC plate. After development, the band that was detected by UV light 
was scraped off and extracted with methanol. The methanol extract was 
treated with the Porter-Silber reagent (phenylhydrazine). Absorbance 
was measured at  410 nm. Replicate assays indicated a mean recovery of 
97.5% and a coefficient of variation of 5.13%. 


Keyphrases 0 Prednisolone-modified method for colorimetric de- 
termination in dog plasma 0 Colorimetry-modified method for deter- 
mination of plasma prednisolone Glucocorticoids-prednisolone, 
colorimetric determination in plasma 


The various methods used for the determination of 
prednisolone in plasma all have one or more shortcomings. 
Jenkins and Sampson (1) used a paper chromatographic 


procedure for the isolation of prednisolone after prelimi- 
nary extraction with methylene chloride. Their procedure 
was modified by replacing the paper chromatographic 
procedure with thin-layer plates coated with microcrys- 
talline cellulose. Microcrystalline cellulose was tried after 
preliminary screening revealed that inefficient separation 
occurred on the silica gel-coated plates recommended in 
the USP XX procedure (2). 


The modified procedure decreased the time required for 
separation and also increased assay sensitivity. As a con- 
sequence, a simple, direct, and rapid analytical method for 
prednisolone in plasma was developed independently. 


EXPERIMENTAL 


Materials-Anhydrous prednisolone USP', methanol2 (HPLC grade), 


Merck & Co., Rahway, N.J. 
Fisher Scientific Co., Fair Lawn, N.J. 
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expected value. (If the analysis is restricted to hydrocar- 
bons that melt at  or below 150, the observed slopes are 
13.96 for Eq. 2 and 15.40 for Eq. 3.) 


Thus, it appears that Eq. 2 is more meaningful than Eq. 
3 for quantitating the effects of solute crystallinity on 
solubility. This finding implies that the value of AC, for 
the polycyclic aromatic hydrocarbons is closer to zero than 
it is to AS,. These results are in agreement with the results 
obtained for the aqueous solubility of a large number of 
organic nonelectrolytes of widely varying structure (1). 
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REVIEWS 


Analytical Profiles of Drug Substances, Vol. 9. Edited by KLAUS 
FLOREY. Academic, 111 Fifth Ave., New York, NY 10003.1980.618 
pp. 15 X 23 cm. 
This book is the ninth in a continuing series that covers the analytical 


aspects of specific drug entities. It was compiled under the auspices of 
the Pharmaceutical Analysis and Control Section of the Academy of 
Pharmaceutical Sciences. The individual profiles or monographs are 
much more complete than those found in the compendia. The informa- 
tion in the Analytical Profiles series not only includes compendial tests 
but also important supplemental information including synthesis, ad- 
ditional physical properties, data on stability, absorption, metabolism, 
and excretion, and various analytical methods. In general, each profile 
is a literature review, but IR, mass spectrometric, UV, and NMR spectra 
are reproduced along with appropriate crystallographic data. The cov- 
erage of the quantitative analytical procedures is usually very complete 
and includes dosage forms, biological fluids, foodstuffs where appropriate, 
and related information. 


Volume 9 includes 19 new monographs: bacitracin, bretylium tosylate, 
carbamazepine, cefaclor, cefamandole nafate, cyproheptadine, diben- 
zepine hydrochloride, digoxin, doxorubicin, fluphenazine decanoate, 
gentamicin sulfate, haloperidol, khellin, lorazepam, methoxsalen, nadolol, 
nitrazepam, nitroglycerin, and trifluoperazine hydrochloride. In addition, 
the Addendum contains monographs for griseofulvin and methadone 
hydrochloride. 


While praising Analytical Profiles in general, and Volume 9 in par- 
ticular, this reviewer believes it is time for the editorial board to define 
more carefully what they want Analytical Profiles to become. Some of 
the drugs covered in Volume 9 are relatively new entities. Others, such 
as bacitracin, digoxin, haloperidol, khellin, and nitroglycerin, could be 
called classics. One would have thought that these drugs would have been 
covered years ago. It is not clear from reading the two monographs on 
griseofulvin and methadone hydrochloride in the Addendum what has 
been added. Furthermore, a review of the bibliography for griseofulvin 
shows 18 of 29 references published prior to 1969, six prior to 1974, four 
prior to 1979, and one unpublished paper authored by the individuals 
who wrote the monograph. Griseofulvin also appeared in Volume 8 of 
Analytical Profiles. What new information appears that was not pub- 
lished a year ago? This question is not answered. The other drug pub- 
lished in the Addendum, methadone hydrochloride, first appeared in 
Volumes 3 and 4 and probably i s  in need of updating. But, again, the 


updated information is not specified. Indeed, this monograph does not 
even reference the previous material found in Volumes 3 and 4. 


The two drugs covered in the Addendum brings up another point. 
There does not seem to be a systematic plan to update the older mono- 
graphs. With the rapid changes occurring in analytical methodology and 
instrumentation, such a plan seems to be imperative. 


Nevertheless, this series meets a real need by bringing together a 
concise literature review of the analytical description of important drug 
entities. Volume 9 is no exception. Its purchase is recommended highly 
for appropriate libraries, workers in pharmaceutical analysis, and teachers 
of pharmaceutical chemistry who want to maintain excellent personal 
libraries. 


Reviewed by John H. Block 
School of Pharmacy 
Oregon State University 
Corvallis, OR 97331 


Clinical Pharmacokinetics: Concepts and Applications. By MAL- 
COLM ROWLAND and THOMAS N. TOZER. Lea & Febiger, 600 
Washington Square, Philadelphia, PA 19106.1980.331 pp. 17 X 25 cm. 
Price U.S. $29.50 (Canada $35.50). 
This book is an important contribution that will facilitate teaching a 


clinically relevant introductory course in pharmacokinetics. The goal of 
the authors was to fill a void which, in their own words, “has been the lack 
of a book that teaches the application of pharmacokinetics in drug 
therapy” to students, practitioners, and researchers. They are to be 
congratulated for achieving their goal. 


The book is divided into four sections: Concepts, Disposition and 
Absorption Kinetics, Therapeutic Regimens, and Individualization. Each 
section is well supported with literature data and computer simulations. 
Chapters 5, 6, and 11 present a detailed, yet readable, description of 
clearance concepts (i.e., the factors that determine steady-state plasma 
concentration). In contrast to most books written in the area of phar- 
macokinetics, college calculus is not needed to appreciate the textual 
material. Indeed, the authors remove much of the “mathematical fog” 
that has shrouded pharmacokinetics. 


Several minor limitations to the text should be listed. Nonlinear ki- 
netics is discussed quite briefly; i.e., after reading the text, it is likely that 
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dialysis was run at each concentration. Following equilibration, aliquots 
of the buffer and plasma compartments were sampled and analyzed by 
liquid scintillation spectrometry. Sample efficiency was estimated by 
external standardization. 


RESULTS AND DISCUSSION 


Data presented in Table I indicate agreement of the binding values in 
fresh serum and heparinized plasma with those reported earlier2 (3,7). 
However, the binding of all three drugs significantly decreased in the fresh 
blood bank plasma, thereby indicating drug displacement from binding 
sites by the citrate phosphate dextrose preservative. The decreased 
binding was not due to a change in pH since the pH was maintained at  
7.4 after addition of the preservative. The binding of phenytoin and 
meperidine was also lowered in lyophiliied serum while that of bretylium 
tosylate was not affected. The manufacturer reports that salicylates are 
added to lyophilized serum. Therefore, a possible explanation may be 
a change in protein conformation due to freezing and reconstitution, 
which would affect the more heavily bound drugs (phenytoin and mep- 
eridine) or competitive interaction with the sdicylates. Bretylium tosylate 
would be least affected since it is only 10% bound. 


Based on these results, studies done with commercial lyophilized serum 


should be verified by binding studies in fresh plasmaherum. Further- 
more, when blood bank plasma is used for binding studies, the type of 
preservative used should be stated to allow rigorous evaluation of the 
pharmacokinetic parameters related to the free fraction and to facilitate 
duplication of protein binding studies. 
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Acyclic Puromycin Analogs: 
9-[ (2-Phenylalanylamidoethoxy)methyl]adenine and 
9- (3 -Pheny lalanylamidopropy 1) adenine 
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Abstract 0 Two acyclic puromycin analogs, in which the 2’- and 5’- 
hydroxymethyl groups or the 2’-hydroxyl and 5’-hydroxyethoxy portions 
of the cyclic carbohydrate ring were excised, were synthesized and eval- 
uated for inhibition of an in uitro protein-synthesizing system and for 
antiviral and antibacterial activity. No puromycin-like activity was seen 
with these conformationally free compounds. 


Keyphrases 0 Puromycin-acyclic analogs, synthesis and analysis, 
evaluation for inhibition of protein synthesis and antiviral and antibac- 
terial activity Analogs-of puromycin, acyclic, synthesis and analysis, 
evaluation for inhibition of protein synthesis and antiviral and antibac- 
terial activity 0 Antineoplastics-puromycin, synthesis and analysis of 
acyclic analogs, evaluation for inhibition of protein synthesis and antiviral 
and antibacterial activity 


A program initiated to synthesize nucleoside analogs, 
in which the cyclic carbohydrate moiety is replaced by an 
acyclic side chain, led to the discovery of the potent anti- 
herpetic drug acyclovir, 9-[(2-hydroxyethoxy)methyl]- 
guanine1 (1). This approach to nucleoside modification has 
been extended to the synthesis of two acyclic analogs of the 
broad spectrum antibiotic puromycin (I). This nucleoside 
antibiotic, which is an inhibitor of protein biosynthesis, 
has not been useful in the treatment of human disease 
because of its nephrotoxicity (2). It was shown ( 3 4 ,  
however, that toxicity could be alleviated by removal of the 
5’-hydroxy group. 


This paper reports an approach to separation of toxicity 
from activity involving the synthesis of distinct fragments 
of puromycin in which parts of the cyclic carbohydrate 


’ Zovirax. 


moiety are excised. Elimination of the 2’- and 5‘-hy- 
droxymethyl groups (dotted lines in I) or the 2’-hydroxyl 
and 5’-hydroxyethoxy portions (broken lines) would leave 
side chains as in IIa or IIb, respectively2. Both IIa and IIb 
can assume a conformation that is superimposable on 
puromycin, but they lack the 5’-hydroxyl group implicated 
in puromycin toxicity (3,6). Open chain analogs similar to 


H3C\N/CH3 


I 
_______~ 


* In this work, the readily available DL-phenylalanine was used since the phe- 
nylalanyl analog of puromycin is nearly as active as puromycin (7,8). In addition, 
the N 6-methyl groups of puromycin were shown to be unnecessary for puromy- 
cin-like activity (9). 
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0 W2 EXPERIMENTAL 


N-[(2-Chloromethoxy)ethyl]phthalimide (1V)-A stirred dis- 
persion of 19.12 g (0.10 mole) of I11 and 3.00 g (0.10 mole) of paraform- 
aldehyde in 250 ml of ethylene dichloride was saturated with dry hy- 
drogen chloride at  -1O':After 4 hr, the solution was dried with calcium 
chloride, filtered, and spin-evaporated in uacuo to afford a white solid 
(21.94 g, 91%), mp 69-72'. Recrystallization from ether gave the analytical 
sample, mp 69-70'; NMR (CDC13): 6 7.80 (m, 4H, aromatic H), 5.45 (8,  


I 
0 CH20CH2CHZN-R 


111: R = H 
IV: R = ClCH, 


V: R = phthaloyl 
VI: R = H, H 


n W2 - 
II 
I 


Br (CH2),NHCCHCH2C& 


I II NHCO,CH&,H5 
&H,XCH,NHCCHCH,C~~ 


1 
VIII 


NHR 
VII: R = CO,CH,C,H, 


a,  X = OCH,; b ,  X = CH, 
11: R = H; 


Scheme I 


IIb but containing a 2'-hydroxyl group were reported to 
have powerful (10) or moderate (11, 12) puromycin-like 
activity. Evidence on the importance of a 2'-hydroxyl 
group for puromycin-like activity is conflicting (13-16). 


The present paper reports the synthesis of two acyclic 
analogs of puromycin that lack the 5'- and 2'-hydroxyl 
groups. These compounds were tested for inhibition of an 
in uitro protein-synthesizing system and for antiviral and 
antibacterial activity. 


RESULTS AND DISCUSSION 


The acyclic puromycin analogs IIa and IIb were synthesized as outlined 
in Scheme I. Chloromethylation (17) of I11 gave IV, which was reacted 
with adenine to give V. Identity of the product as a 9-substituted adenine 
was indicated from the UV spectrum (18). Cleavage of the phthaloyl 
group gave VI, which was coupled with DL-N-carbobenzoxyphenylalanine 
using the mixed anhydride method (19) to give VIIa. Hydrogenolysis of 
VIIa gave the acyclic puromycin analog IIa. For preparation of IIb, ad- 
enine was alkylated with VIII, followed by cleavage of the carbobenzoxy 
moiety with hydrogen bromide in acetic acid. 


Both IIa and IIb were tested against an Escherichia coli-fz-RNA 
protein-synthesizing system and were inactive at  lo-* M. Under the same 
conditions, puromycin showed 50% inhibition at M. The lack of 
puromycin-like activity in IIa or IIb further substantiates the earlier 
conclusion that a conformationally rigid system, such as that provided 
by a cyclopentane ring, is necessary for puromycin-like activity (4.11, 
20). 


All six of the 9-substituted adenines, V, VI, VIIa, VIIb, IIa, and IIb, 
were tested by means of plaque inhibition tests against three DNA viruses 
(vaccinia virus, adenovirus type 5, and herpes simplex virus type 1) and 
six RNA viruses (influenza NWS, measles, Bunyamwera, Semliki Forest, 
rhino lB, and corona) (1,21,22). Compounds IIb, VIIa, and VIIb showed 
weak activity a t  50 pg/disk against one DNA virus, herpes simplex type 
1, although none were sufficiently active to warrant secondary testing. 
None of the compounds was active at  50 pg/disk against the RNA vi- 
ruses. 


The six adenines were also tested for in oitro antibacterial activity (23) 
against Streptococcus pyrogenes (CNlO), Streptococcus faecalis 
(CN478), Staphylococcus aureus (CN491), E. coli (CN314), Salmonella 
typhosa (CN512), Shigella dysenteriae (CN1513), Klebsiella pneumo- 
niae (CN3632), Enterobacter aerogenes (2200/86), Enterobacter cloacae 
(2200/87), Citrobacter freundii (2200/77), Proteus uulgaris (CN329), 
Proteus mirabilis (S2409), Pseudomonas aeruginosa (CN200), and 
Candida albicans (CN1863). None of the compounds was inhibitory at  
100 pg/ml. 


2H, ClCHiO), and 3.95 (8,4H, CHpCHz). 
Ad.-Calc. for CiiHinClNOs: C. 55.1: H, 4.21: N. 5.85. Found: C. 55.9; _ _  -- ~, . .  . .  


H, 4.34; N, 5.84. 
9-[ (2-Phthalimidoethoxy)methyl]adenine (V)-This compound 


was prepared from adenine and IV as described for VIIb on a 100-mmole 
scale, except that the reaction solution was poured over 2 liters of ice 
water; the product was collected by filtration to yield 20.0 g (59%), mp 
252-256'. A portion was recrystallized twice from 2-methoxyethanol and 
once from dimeth lformamide to give the analytical sample, mp 256- 
258'; U V  A$LNH ' 258 n m (t 10,800); UV A\LN NaoH 259 nm (t 15,000); 
NMR (trifluoroacetic acid): 6 9.20 (9, lH, purine H), 8.70 (s, lH, purine 
H), 7.98 (s, 4H, aromatic H), 6.03 (s, 2H, NCHpO), and 4.17 (9, 4H, 


Anal.-Calc. for C16H14N603: c ,  56.8; H, 4.17; N, 24.8. Found c, 56.8; 
H, 4.28; N, 24.7. 
94 (2-Aminoethoxy)methyI]adenine (V1)-A mixture of 3.38 g (10 


mmoles) of V, 1.0 ml(20 mmoles) of hydrazine hydrate, 250 ml of ethanol, 
and 75 ml of 2-methoxyethanol was refluxed with stirring for 4 hr. The 
cooled reaction mixture was spin-evaporated in uacuo. The residual solid 
was dispersed in 100 ml of 1 N HC1, stirred at ambient temperature for 
0.5 hr, and then left overnight a t  0'. The mixture was filtered and thor- 
oughly washed with water. The combined filtrates were spin-evaporated 
in uacuo to give a residue, which was dissolved in 100 ml of water and 
stirred with ion-exchange resin3 until a negative silver nitrate test was 
obtained. The mixture was filtered and spin-evaporated in U ~ C U O  to give 
a white powder (1.25g, 60%), mp 16&170'. Recrystallization from 2- 


CHpCHp). 


propanoigave analytically pure material (0.80 g, 38%), mp 170-171'; W. 
A$LN 256 nm (t 13,900); UV: AkkN NaoH 259 nm (t 14,100); NMR (di- 
methyl sulfoxide-dd: 6 8.31 (8 ,  lH, purine H), 8.22 (s, lH, purine H), 7.34 
(broads, 2H, purine NHz), 5.60 (s,2H, NCHpO), 3.48 (t, 2H, OCH~CHZ), 
2.64 (t, 2H, CHzCHzN), and 1.60 (broad s ,  2H, aliphatic NHp). 


Anal.-Calc. for CsHlzNeO: C, 46.1; H, 5.81; N, 40.4. Found: C, 46.3; 
H, 5.86; N, 40.2. 


9 - [(2 - N - Carbobenzoxyphenylalanylamidoethoxy)methyl]- 
adenine (VI1a)-To a stirred, ice bath cooled solution of 7.78 g (26.0 
mmoles) of DL-N-carbobenzoxyphenylalanine and 2.62 g (26.0 mmoles) 
of triethylamine in 100 ml of tetrahydrofuran was added 2.70 g (25.0 
mmoles) of etliyl chloroformate. A precipitate formed within a few 
minutes; after 1 hr, 2.70 g (13.0 mmoles) of VI was added. After 2 hr a t  
ambient temperature, 20 ml of water was added and the reaction was 
spin-evaporated in uacuo. The residue was dissolved in 250 ml of chlo- 
roform and washed with four 50-ml portions of water, four 50-ml portions 
of 5% aqueous sodium bicarbonate, 50 ml of water, and 50 ml of brine. 
Then it was dried and spin-evaporated in uacuo. 


The product was slurried in 2-propanol and collected (5.25 g, 82%), mp 
207-208'. The anal ical sample was recrystallized from 2-propanol, mp 
208-210'; U V  
NMR (dimethyl sulfoxide-d6): 6 8.26 (s, lH, purine H), 8.17 (s,  lH, purine 
H), 8.10 (t, lH, CHzNH), 7.45 (d, IH, CHNH), 7.28 and 7.23 ( s ,  12H, 
aromatic H, NHp), 5.53 (s, 2H, NCHzO), 4.93 ( s ,  2H, OCHzC~Hs), 4.19 
(m, lH,  CH), 3.47 (m, 2H, OCHzCHp), 3.22 (m, 2H, CHzCHzNH), and 
2.90 and 2.70 (m, 2H, CHCHpC&I5). 


Anal.-Calc. for C Z & ~ N ~ O ~ :  C, 61.3; H, 5.56; N, 20.0. Found C, 61.5; 
H, 5.62; N, 20.0. 


9- [ (2-Phenylalanylamidoethoxy)methyl]adenine Fumarate 
(1Ia)-A mixture of 0.98 g (2.0 mmoles) of VIIa dissolved in 50 ml of 
acetic acid and 0.30 g of 10% palladium-on-carbon was shaken in the 
presence of hydrogen at  2-3 atm for 3 hr. The mixture was filtered and 
spin-evaporated in uacuo. The residual oil was combined with 0.232 g 
(2.0 mmoles) of fumaric acid in 10 ml of ethanol, warmed to effect solu- 
tion, and allowed to cool (0.660 g, 93%), mp 188-189' (effervescent). The 
analytical sample was recrystallized from ethanol, mp 190-19i" (effer- 


lP "257 nm (t 14,000); UV ALN NaoH 259 nm (c 14,600); 


Melting points were taken in capillary tubes on a Mel-Temp block and are 
uncorrected. NMR data were recorded on Varian XL-100-15-FT and T-60 spec- 
trometers with tetramethylsilane as an internal standard. UV spectra were obtained 
on a Unicam SP 800 spectrophotometer. Each analytical sample had spectral data 
compatible with its assigned structure and moved as a single spot on TLC. 
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vescent); UV: X:g 257 nm ( c  12,000); UV AkN NaoH 259 nm (c 12,200); 
NMR (dimethyl sulfoxide-d& 6 8.26 (8, lH, purine H), 8.17 (s, lH, purine 
H), 8.11 (t, lH, CHzNH), 7.29 (s, W, purine NHz), 7.21 (s, 5H, aromatic 
H), 6.51 (s, lH, fumarate CH), 5.52 (s, 2H, NCHzO), -5.5 (broad s, 
CHNHz, fumarate OH), 3.54 (m, lH, CH), 3.44 (m, 2H, OCH2CHz), 3.19 
(m, 2H, CHzNH), and 2.91 and 2.71 (m, 2H, CHzC,&). 


Anal.-Calc. for C17H21N70~0.5 C4H404: C, 55.2; H, 5.61; N, 23.7. 
Found: C, 54.9; H, 5.73; N, 23.5. 
3 - N - Carbobenzoxyphenylalanylamidopropyl Bromide 


(VII1)-To a stirred, ice-salt bath cooled solution of 29.93 g (0.10 mol) 
of DL-N-carbobenzoxyphenylalanine and 10.12 g (0.10 mole) of trieth- 
ylamine in 325 ml of chloroform was added 10.85 g (0.10 mole) of ethyl 
chloroformate in 20 ml of chloroform. After 0.25 hr, a solution of 21.89 
g (0.10 mole) of 3-bromopropylamine hydrobromide in 70 ml of water was 
added, followed by 25 ml of 4 N NaOH with vigorous stirring. After 96 
hr at ambient temperature, the two layers were separated. The chloroform 
layer was washed with two 50-ml portions of 0.1 N HCl, two 50-ml por- 
tions of water, and once with brine. It then was dried and spin-evaporated 
in uacuo. The residual solid was slurried with hexane and collected (22.25 
g, 53%), mp 123-125’. A portion was recrystallized from ethyl acetate- 
hexaiie to give the analytical sample, mp 125-126’ (resolidified and 
remelted 129-130’). 


Anal.-Calc. for CzoHz3BrNz03: C, 57.3; H, 5.53; N, 6.68. Found: C, 
57.3; H, 5.46; N, 6.60. 
9-(3-N-Carbobenzoxyphenylalanylamidopropyl)adenine Hy- 


drochloride (VI1b)-To a stirred, ice bath cooled dispersion of 1.81 g 
(45.2 mmoles) of sodium hydride (60.2% dispersion in mineral oil) in 70 
ml of dimethylformamide was added 6.08 g (45.0 mmoles) of adenine. 
After 10 min, the cold bath was removed and the mixture was stirred at  
ambient temperature for 1 hr, when salt formation was complete. A so- 
lution of 19.08 g (45.5 mmoles) of VIII in 100 ml of dimethylformamide 
was added; after 42 hr at ambient temperature, the reaction was filtered 
and spin-evaporated in uacuo. The residue was partitioned between 600 
ml of 5% methanol in chloroform and 50 ml of water, and the layers were 
separated. 


The organic phase was washed with two 100-ml portions of water and 
once with brine. It then was dried and spin evaporated in uacuo. The 
residue was dissolved in ethanol and diluted with hydrogen chloride- 
saturated ethanol to give a crystalline product (14.20 g, 62%), mp 195- 
197’. The analytical sample was obtained from ethanol, mp 196-197’; 
UV X:F 262 nm (t 12,200); U V  A t 2  NaoH 262 nm (t 12,200); NMR 
(dimethylsulfoxide-d6): 6 8.45 (s, 2H, purine H), 8.20 (t, lH, CHzNH), 
7.57 (d, lH, CHNH), 7.26 (s, 10H, aromatic H), 4.95 (s,2H, OCHZC~H~),  
-4.2 (m, 5H, NHz, purine CHz, CH), 3.0-2.8 (m, 4H, CHzNH, 
CHCHZC~H~),  and 1.92 (m, 2H, CHzCHzCHz). 


Anal.-Calc. for CzsHzsClN703: C, 58.8; H, 5.53; N, 19.2. Found: C, 
59.2; H, 5.61; N, 19.1. 
9-(3-Phenylalanylamidopropyl)adenine (I1 b)-To a stirred so- 


lution of 8.16 g (16.0 mmoles) of VIIb in 100 ml of acetic acid was added 
30 ml of 30-32% hydrogen bromide in acetic acid. After 18 hr, the reaction 
mixture was diluted with 500 ml of ether, the solvent was decanted, and 
the solids were washed with ether. The crude hydrobromide was dissolved 
in water and passed through a column containing an excess of ion-ex- 
change resin3. The eluates were spin-evaporated in U ~ C U O  to give a syrup, 
which crystallized under ether and was recrystallized from 2-propanol 
(2.57 g, 47%), mp 143-145’. The anal ical sample had a melting point 
of 145-146’; U V  h O - ’ N H C I + ’ m C z ~ o H  259 nm ( e  13,700); UV 
A’.’ NaoH+ 1mCZH50H 26mlainm (t 13,700); NMR (dimethyl sulfoxide-de): 
6 !8;3 (s, lH, purine H), 8.10 (s, lH, purine H), 7.96 (t, lH, CHzNH), 7.22 
(9, 7H, aromatic H and purine NHz), 4.04 (t, 2H, purine CHz), 3.39 (4, 
lH, CH), 3.03 (q,2H, CHzNH), 2.92 and 2.65 (m, 2H, CHzC,jH& 1.88 (m, 
2H, CHzCHzCHz), and 1.65 (s,2H, CHNH2). 


Anal.-Calc. for C17HzlN70: C, 60.2; H, 6.24; N, 28.9. Found C, 60.0; 
H, 6.23; N, 28.8. 


Inhibition of Protein Synthesis Assay-For measurement of protein 
synthesis, extracts were prepared from cells of E. coli D10 by the method 
of Nirenberg (24) as modified by Godson and Sinsheimer (25). RNA was 
prepared from bacteriophage-fz as described previously (26). Reaction 
mixtures (0.1 ml) were prepared as described (24) with [4,5-3H]-~-leucine4 
as the radioactive amino acid. Compounds to be tested were added as 


Rexyn 201(OH). ‘ New England Nuclear. 


neutral solutions. The reaction was started by addition of 10 jig of fz- 
RNA. After incubation at 37O for 10 min, the reaction was stopped by the 
addition of sodium hydroxide to a final concentration of 0.1 M. After a 
further 15 min at  37’, 10 volumes of 10% trichloroacetic acid were added; 
then the mixture was heated at  85’ for 20 min and cooled. The precipi- 
tates were collected on filters5 and washed with 5% trichloroacetic acid, 
and the precipitated radioactivity was counted as described previously 
(27). In each trial, puromycin6 was tested as a standard inhibitor and gave 
50% inhibition at  M. 
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anions are strongly attracted to the highly charged aluminum polynuclear 
cation. As the charge is neutralized, the complex disassociates and alu- 
minum hydroxide forms. Because the solution pH was raised to 8 by the 
addition of sodium hydroxide, bayerite, the aluminum hydroxide poly- 
morph that forms under basic conditions, was produced. 


Aluminum chlorohydrate also is unstable if it is diluted with water (5, 
6). Figure 2 shows that when aluminum chlorohydrate was diluted to 2.5 
X lo-* M in aluminum, the pH first increased and then decreased. Earlier 
reports only noted a decrease in pH following dilution. However, the 
initial increase in pH is important and is consistent with the recently 
proposed structure of aluminum chlorohydrate (I). The central tetra- 
hedral aluminum in the I complex is surrounded by 12 aluminum atoms 
in octahedral configuration. In dilute aqueous solution, the highly charged 
aluminum polycations are widely separated, and the stabilizing effect 
of the chloride counterions and other aluminum chlorohydrate complexes 
is reduced. As the I complex disassociates, the tetrahedral aluminum is 
exposed to the aqueous environment. Since the octahedral configuration 
is the stable form of aluminum below pH 8 (7-lo), the tetrahedral alu- 
minum converts to an octahedral configuration. Exposure of the four 
negatively charged oxygens, which form the outer shell of the aluminum 
tetrahedral, to the aqueous environment results in the attraction of 
protons and water to complete the octahedral configuration. The ad- 
sorption of protons is reflected in the initial increase in pH. However, the 
overall trend is a decrease in pH, which is consistent with the formation 
of octahedral aluminum into aluminum hydroxy polymers by the de- 
protonation-dehydroxylation mechanism (3). 


The stability of aluminum chlorohydrate is concentration dependent 
since very little change in pH was observed unless the solution was <0.1 
M in aluminum. At high concentration, the positively charged I spherical 
complexes are tightly packed and surrounded by stabilizing chloride 
counterions. Thus, aluminum chlorohydrate complex is self-stabilizing 
at high concentration. 


Turbidity measurements of the diluted aluminum chlorohydrate so- 
lutions also showed that the stability of the complex was concentration 
dependent. Turbidity was not observed during this study unless the 
concentration was 4 .1  M or lower in terms of aluminum. Figure 2 also 
shows the development of turbidity following dilution to 2.5 X M 
in aluminum. 


The insoluble degradation product resulting from the dilution of alu- 
minum chlorohydrate was collected by filtration and examined by IR 


spectroscopy. The hydroxyl-stretching bands coincide with the hy- 
droxyl-stretching bands of gibbsite (Fig. 3). The IR spectrum of the ly- 
ophilized filtrate was identical to the reference spectrum for aluminum 
chlorohydrate (11). Thus, it is believed that the I complex disassociates 
in dilute solution. The tetrahedral aluminum converts to an octahedral 
configuration due to the pH, and the octahedral aluminum species form 
aluminum hydroxide by deprotonation-dehydration. Gibbsite is the 
end-product of dilution since it is the stable polymorph of aluminum 
hydroxide in the acidic region. Therefore, the conversion of aluminum 
chlorohydrate to aluminum hydroxide upon complete neutralization or 
following dilution with water is consistent with the structure of the I 
complex that was proposed recently to be aluminum chlorohydrate. 
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Abstract A simple, precise, rapid, and sensitive colorimetric method 
was adapted for the quantitative analysis of prednisolone in dog plasma. 
A paper chromatographic procedure was modified by the use of thin-layer 
plates coated with microcrystalline cellulose. Heparinized blood samples 
were separated from the cellular elements and extracted with methylene 
chloride. After washing with acid and alkali, the extract was evaporated 
to dryness. The residue was dissolved in methanol and streaked on the 
TLC plate. After development, the band that was detected by UV light 
was scraped off and extracted with methanol. The methanol extract was 
treated with the Porter-Silber reagent (phenylhydrazine). Absorbance 
was measured at  410 nm. Replicate assays indicated a mean recovery of 
97.5% and a coefficient of variation of 5.13%. 


Keyphrases 0 Prednisolone-modified method for colorimetric de- 
termination in dog plasma 0 Colorimetry-modified method for deter- 
mination of plasma prednisolone Glucocorticoids-prednisolone, 
colorimetric determination in plasma 


The various methods used for the determination of 
prednisolone in plasma all have one or more shortcomings. 
Jenkins and Sampson (1) used a paper chromatographic 


procedure for the isolation of prednisolone after prelimi- 
nary extraction with methylene chloride. Their procedure 
was modified by replacing the paper chromatographic 
procedure with thin-layer plates coated with microcrys- 
talline cellulose. Microcrystalline cellulose was tried after 
preliminary screening revealed that inefficient separation 
occurred on the silica gel-coated plates recommended in 
the USP XX procedure (2). 


The modified procedure decreased the time required for 
separation and also increased assay sensitivity. As a con- 
sequence, a simple, direct, and rapid analytical method for 
prednisolone in plasma was developed independently. 


EXPERIMENTAL 


Materials-Anhydrous prednisolone USP', methanol2 (HPLC grade), 
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toluene3, methylene chloride4, sodium hydroxide pellets‘ (analytical 
reagent grade), acetic acid’, nitrogen4, sulfuric acid2 (analytical reagent 
grade), and phenylhydrazine hydrochloride5 were obtained commer- 
cially. 


Equipment-A spectrophotometer6, a centrifuge7, an analytical 
balance8, a multiple developing tank9, TLC glass platesLo precoated with 
Avicel F (250-pm thickness), a micropipet”, a camera with photo-UV 
system12, a minerlight lamp, a multiband UV detector13 (254/366 nm), 
and a water bath14 were used. 


Preparation of Prednisolone Standard Solution in Methanol-A 
stock solution of prednisolone was prepared by dissolving 100 mg of an- 
hydrous prednisolone USP in 1000 ml of methanol. The stock solution 
then was diluted serially with methanol to give standard solutions con- 
taining 0.5, 1.0, 5.0,10.0,20.0, 25.0, and 50.0 pg of prednisolone/ml. 


Preparation of Reagents-Dilute sulfuric acid solution (1.63:l) was 
prepared by adding 190 ml of water to 310 ml of concentrated sulfuric 
acid. Phenylhydrazine hydrochloride solution (Porter-Silber reagent) 
was prepared by dissolving 65 mg of phenylhydrazine hydrochloride in 
100 ml of the dilute sulfuric acid (3). 


Quantitative Color Reaction for  Prednisolone-Eight milliliters 
of the phenylhydrazine reagent solution was added to a prednisolone 
sample in 1 ml of methanol ( i e . ,  various standard solutions of prednis- 
olone in methanol), and the solution was heated to 60 f lo for 20 min. 
The resultant yellow solution was cooled to 25’ in a running cold water 
bath. The methanol-phenylhydrazine-sulfuric acid blank was treated 
similarly. With a 5-cm cell, the absorbance of the standard solution was 
measured against a methanol-sulfuric acid-phenylhydrazine reagent 
blank at 410 nm. Spectrophotometric readings usually were taken within 
5 min after color formation. The standard curve then was constructed 
by plotting the absorbance values uersm the corresponding prednisolone 
concentrations. 


Preparation of Plasma Samples-Blood samples collected from 
fasted beagle dogs were placed in heparinized tubes and centrifuged at  
2300 rpm for 15 min to harvest the clear plasma. 


Preparation of Plasma Standards-A series of standards was pre- 
pared by spiking 4 ml of clear plasma samples with 5.0,10.0,15.0, and 20.0 
pg of prednisolone. 


Extraction-Four milliliters of the plasma standard was extracted 
with 25 ml of methylene chloride, and the extract was washed with 2 ml 
of 0.1 N NaOH followed by 2 ml of 0.1 N acetic acid and then with 2 ml 
of distilled water. The extract was evaporated to dryness and redissolved 
in 200 fil of methanol by agitating on a vortex mixer. 


TLC-Glass plates (20 X 20 cm) precoated with microcrystalline cel- 
lulose to a thickness of 250 pm were used. The solvent system was tolu- 
ene-methanol-distilled water (84.8:14.6:0.6). 


The chromatographic plate was divided into three equal sections. The 
left section was used for spotting the prednisolone standard solution in 
methanol, the right section was used for spotting prednisolone solution 
extracted from plasma, and the center section was used for the plasma 
blank. The solutions were applied as streaks 2.5 cm from the bottom of 
the plate. The solution was dried during application with the aid of a 
nitrogen stream. 


With the described solvent system, the chromatogram was developed 


Burdick & Jackson Laboratories, Muskegon, Mich. 
4 Matheson Coleman & Bell, Norwood, Ohio. 
5 Lot 702A, Eastman Kodak Co., Rochester, N.Y. 
6 Model 240, Gilford Instrument Laboratories, Oberlin, Ohio. 


* Model 33, Mettler Instrument Corp., Hightstown, N.J. 
9 Desega, Heidelberg, West Germany. 


10 Analtech, Newark, DE 19711. 


12 Polaroid Corp., Cambridge, Mass. 
‘3 Model UVSL-58, Ultra-Violet Products, San Gabriel, Calif 
14 Lab-Line Instruments, Melrose Park, Ill. 


Model UV, International Equipment Co., Needham Heights, Mass. 


Drummond Scientific Co. 


Table I-Estimation of Prednisolone (20 pg/4 ml) in Plasma a 


Sample 
Replicate Estimated, Recovery, 


1 19.25 96.25 
2 19.50 97.50 
3 20.25 101.25 
4 21.00 105.00 


Number pg!4 ml % 


5 
6 
Mean 


18.25 
18.75 


91.25 
93.75 
97.50 


Coefficient of variation = (standard deviation X 100)/mean = (1 X 100)/19.50 
= 5.13%. 


in a multiple development tank, previously equilibrated and lined with 
absorbent paper. The solvent then was allowed to move until it reached 
15 cm above the baseline, The plate was removed, dried at room tem- 
perature, and visualized under shortwave UV light. The prednisolone 
standard band and the corresponding bands in the spiked plasma samples 
and the blank solutions were marked. The R/ value for prednisolone was 
0.3. The bands corresponding to this Rf value were removed by scraping 
the microcrystalline cellulose onto a glazed weighing paper, and the 
scrapings were pulverized and transferred to 25-ml centrifuge tubes. 
Methanol (10 ml) was added, and the samples were agitated on a vortex 
mixer for 5 min and centrifuged at  2300 rpm for 5 min. 


The clear methanol layers were decanted, and the residue was treated 
similarly with 5 ml of methanol three times. The pooled methanolic ex- 
tracts then were evaporated to a 1-ml volume. These methanolic extracts 
of prednisolone from plasma were analyzed according to the method 
described previously. The standard curve of prednisolone in plasma then 
was constructed by plotting the absorbance values uersus various pred- 
nisolone concentrations. 


RESULTS AND DISCUSSION 


Variation of Absorbance with Prednisolone in  Methanolic 
Phenylhydrazine Acid Solution-With 0.5-50 pg of prednisolone, the 
absorbance varied linearly with the amount of prednisolone. Under the 
experimental conditions, the Porter-Silber colorimetric method was 
sensitive to 1 pg of prednisolone. The regression equation obtained was 
y = 0.0232 + 0.0062, and the correlation coefficient was 0.9998. 


Standard Curve of Prednisolone in Plasma-Plots of absorbance 
uersus 5-20 pg of prednisolone/4 ml of plasma were linear, passing 
through the origin with a slope of 0.023. The extraction caused a pred- 
nisolone loss of -10%. The regression equation obtained was y = 0.023~ + 0.0068, and the correlation coefficient was 0.9997. 


Method Accuracy and Precision-Table I lists the results obtained 
from the analysis of a number of spiked plasma samples (20 pg/4 ml). 
These data reflect the accuracy and precision of the method. The mean 
recovery and the coefficient of variation were 97.5 and 5.13%, respec- 
tively. 


In summary, TLC separation of microgram quantities of prednisolone 
extracted from dog plasma were assayed efficiently by a simple colori- 
metric procedure. This procedure should be considered when more so- 
phisticated equipment or procedures are not available. 
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expected value. (If the analysis is restricted to hydrocar- 
bons that melt at  or below 150, the observed slopes are 
13.96 for Eq. 2 and 15.40 for Eq. 3.) 


Thus, it appears that Eq. 2 is more meaningful than Eq. 
3 for quantitating the effects of solute crystallinity on 
solubility. This finding implies that the value of AC, for 
the polycyclic aromatic hydrocarbons is closer to zero than 
it is to AS,. These results are in agreement with the results 
obtained for the aqueous solubility of a large number of 
organic nonelectrolytes of widely varying structure (1). 
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REVIEWS 


Analytical Profiles of Drug Substances, Vol. 9. Edited by KLAUS 
FLOREY. Academic, 111 Fifth Ave., New York, NY 10003.1980.618 
pp. 15 X 23 cm. 
This book is the ninth in a continuing series that covers the analytical 


aspects of specific drug entities. It was compiled under the auspices of 
the Pharmaceutical Analysis and Control Section of the Academy of 
Pharmaceutical Sciences. The individual profiles or monographs are 
much more complete than those found in the compendia. The informa- 
tion in the Analytical Profiles series not only includes compendial tests 
but also important supplemental information including synthesis, ad- 
ditional physical properties, data on stability, absorption, metabolism, 
and excretion, and various analytical methods. In general, each profile 
is a literature review, but IR, mass spectrometric, UV, and NMR spectra 
are reproduced along with appropriate crystallographic data. The cov- 
erage of the quantitative analytical procedures is usually very complete 
and includes dosage forms, biological fluids, foodstuffs where appropriate, 
and related information. 


Volume 9 includes 19 new monographs: bacitracin, bretylium tosylate, 
carbamazepine, cefaclor, cefamandole nafate, cyproheptadine, diben- 
zepine hydrochloride, digoxin, doxorubicin, fluphenazine decanoate, 
gentamicin sulfate, haloperidol, khellin, lorazepam, methoxsalen, nadolol, 
nitrazepam, nitroglycerin, and trifluoperazine hydrochloride. In addition, 
the Addendum contains monographs for griseofulvin and methadone 
hydrochloride. 


While praising Analytical Profiles in general, and Volume 9 in par- 
ticular, this reviewer believes it is time for the editorial board to define 
more carefully what they want Analytical Profiles to become. Some of 
the drugs covered in Volume 9 are relatively new entities. Others, such 
as bacitracin, digoxin, haloperidol, khellin, and nitroglycerin, could be 
called classics. One would have thought that these drugs would have been 
covered years ago. It is not clear from reading the two monographs on 
griseofulvin and methadone hydrochloride in the Addendum what has 
been added. Furthermore, a review of the bibliography for griseofulvin 
shows 18 of 29 references published prior to 1969, six prior to 1974, four 
prior to 1979, and one unpublished paper authored by the individuals 
who wrote the monograph. Griseofulvin also appeared in Volume 8 of 
Analytical Profiles. What new information appears that was not pub- 
lished a year ago? This question is not answered. The other drug pub- 
lished in the Addendum, methadone hydrochloride, first appeared in 
Volumes 3 and 4 and probably i s  in need of updating. But, again, the 


updated information is not specified. Indeed, this monograph does not 
even reference the previous material found in Volumes 3 and 4. 


The two drugs covered in the Addendum brings up another point. 
There does not seem to be a systematic plan to update the older mono- 
graphs. With the rapid changes occurring in analytical methodology and 
instrumentation, such a plan seems to be imperative. 


Nevertheless, this series meets a real need by bringing together a 
concise literature review of the analytical description of important drug 
entities. Volume 9 is no exception. Its purchase is recommended highly 
for appropriate libraries, workers in pharmaceutical analysis, and teachers 
of pharmaceutical chemistry who want to maintain excellent personal 
libraries. 


Reviewed by John H. Block 
School of Pharmacy 
Oregon State University 
Corvallis, OR 97331 


Clinical Pharmacokinetics: Concepts and Applications. By MAL- 
COLM ROWLAND and THOMAS N. TOZER. Lea & Febiger, 600 
Washington Square, Philadelphia, PA 19106.1980.331 pp. 17 X 25 cm. 
Price U.S. $29.50 (Canada $35.50). 
This book is an important contribution that will facilitate teaching a 


clinically relevant introductory course in pharmacokinetics. The goal of 
the authors was to fill a void which, in their own words, “has been the lack 
of a book that teaches the application of pharmacokinetics in drug 
therapy” to students, practitioners, and researchers. They are to be 
congratulated for achieving their goal. 


The book is divided into four sections: Concepts, Disposition and 
Absorption Kinetics, Therapeutic Regimens, and Individualization. Each 
section is well supported with literature data and computer simulations. 
Chapters 5, 6, and 11 present a detailed, yet readable, description of 
clearance concepts (i.e., the factors that determine steady-state plasma 
concentration). In contrast to most books written in the area of phar- 
macokinetics, college calculus is not needed to appreciate the textual 
material. Indeed, the authors remove much of the “mathematical fog” 
that has shrouded pharmacokinetics. 


Several minor limitations to the text should be listed. Nonlinear ki- 
netics is discussed quite briefly; i.e., after reading the text, it is likely that 
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3. student could not adequately adjust a patient’s phenytoin dose. Since 
the authors have been involved in pioneering work in this field, it may 
be that such material will be included in an upcoming text to which they 
allude. However, in this reviewer’s opinion, a more detailed treatment 
of nonlinear kinetics would have been useful. 


Another significant defect of this text is that  i t  is difficult to identify 
the primary source for some textual material. The source of the data 
contained in the tahles and figures is identified. However, it is generally 
not possible to identify the source of information within the body of the 
text. 


This book is well written and should be considered as a standard text 
for introductory courses in Pharmacy Baccalaureate and Doctor of 
Pharmacy programs and for freshman graduate courses in pharmaceutics 
and pharmacology. 


Reviewed by David Lalka 
Department of Pharmaceutics 
School of Pharmacy 
State University of New York at 


Buffalo Amherst ,  N Y  14260 


Second Supplement to USP XX and NF XV. Drug Standards Division, 
United States Pharmacopeial Convention, 126M Twinbrook Parkway, 
Rockville, MD 20852. 245 pp. 20 X 29 cm. Price $8.00. 
The Second Supplement is cumulative with the first one and contains 


changes that constitute revisions in the USP XX and N F  XV effective 
May 1,1981. Additions and deletions in the USP XX official monographs 
comprise the largest section, totaling 133 pages, whereas those in the 
General Requirements for Tests and Assays section are contained in 12  
pages. Under General Information are selected portions of the regulations 
promulgated under the Controlled Substances Act and portions of the 
Poison Packaging Act and Regulations, of interest t o  students and 
practitioners in pharmacy and medicine. Changes in the official NF XV 
monographs comprise almost 20 pages and are followed by an appendix 
containing excerpts from federal regulations on antibiotics and an index 
to this supplement. 


Staff R e v i m  


Solid Pharmaceutics: Mechanical Properties and Rate Phenomena. 
By JENS THUR0 CARSTENSEN. Academic, 111 Fifth Ave., New 
York, NY 10003.1980.259 pp. 15 X 23 cm. Price $35.00. 
This brief book, written in terse mathematical style, is an ambitious 


attempt to consolidate the more important research in the field of solid 
pharmaceutics. The first chapter contains an introduction to the char- 
acteristics of single-component systems, with emphasis on the properties 
of crystals. Chapter 2 deals with particulate solids and their dimensions 
and properties. Chapter 3 extends this treatment to two-component 
systems and includes such topics as blending and the effect of moisture 
on solids. The next two chapters are devoted to successive stages in the 


manufacture of tablets: precompression operations, including wet 
granulation, dry milling, tablet formulation, and lubrication, followed 
by compression and hardness testing. The book concludes with a section 
on the physical properties of solid dosage forms, particularly the disso- 
lution of tablets and capsules and their chemical stability 


Solid pharmaceutics is perhaps the area in which the catholicity of the 
pharmaceutical sciences is most in evidence. In his scholarly treatment 
of the subject, Carstensen draws heavily on the literature of powder 
technology, crystallography, chemical engineering, polymer science, and 
metallurgy. Yet he does not hesitate to offer his own views on contro- 
versial subjects. In discussing the upward curvature observed in Hix- 
son-Crowell plots of the cube root of mass uersus time, he suggests that  
deviations from straight-line behavior can be attributed to the lack of 
isometry of most real particles. He then proceeds to show how one c a ~  
introduce a shape factor to correct for this deviation. In discussing angle 
of repose, he points out that  the equations usually employed predict that 
as the particle diameter becomes smaller, the angle of repose approaches 
an infinite value rather than the value most consistent with the physical 
model, 90’. T o  remedy this, the cohesional and frictional coefficients are 
expressed in terms of trial functions with proper boundary conditions 
and an equation is obtained based on the force diagram for a powder 
heap. 


Particularly lucid is his treatment of Prout-Tompkins kinetics of 
solid-state decomposition. Carstensen also shows how the boundary 
conditions of the Prout-Tompkins model can be modified to treat data 
that follow first-order kinetics. 


Where appropriate, the text is augmented with solved quantitative 
examples, copious tables of empirical data, and more than 100 beautifully 
drawn, uncluttered, line figures. Those familiar with Carstensen’s earlier 
treatments of this subject, “Pharmaceutics of Solids and Solid Dosage 
Forms” and “Theory of Pharmaceutical Systems,” will see some of the 
same figures and numerical examples in the present volume, but repe- 
tition has been kept to a minimum. The problems are relatively easy and 
are mainly computational exercises. 


One may make some minor criticisms of the hook, especially with re- 
gard to topics such as lyophilization and spray drying, which are given 
short shrift. Symbols often are introduced without definition, and un- 
conventional symbols are substituted unnecessarily for more familiar 
ones. For example, in the Rragg equation, RJ rather than d is used for 
interplanar spacing. The Greek letter 8 is used for time. More confusing, 
F is used for the Helmholtz energy rather than A. Formerly, of course, 
F was used in texthooks for the Gibbs free energy. There are a few errors. 
An exponent has been omitted in the Shotten-Hersey equation (V-3-24a). 
In the plot of water vapor pressure uersus moles of water, one plateau for 
sodium phosphate is mislabeled (Fig. 111-15). But these are minor points 
and in no way detract from my opinion that the author has treated a 
comprehensive set of difficult problems with excellent conceptual orga- 
nization and clarity. 


Pharmaceutical development scientists and graduate students who 
require a quantitative understanding of the operations related to  the 
manufacture of solid dosage forms will find this slender volume very 
useful. It is not for casual reading, and the nonspecialist who wants a 
broad overview of the field will have to find it elsewhere. 


Retiiewed by J. Keith Guillory 
College of Pharmacy 
llniuersity of Iowa 
IOWQ City,  I A  52242 
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Phenobarbital Solubility in 
Propylene Glycol-Glycerol-Water Systems 


MAMDOUH A. MOUSTAFA, ABDULLA M. MOLOKHIAX, and M. WAFIK GOUDA 
Received January 5,1981, from the Department of Pharmaceutics, College of Pharmacy, University of Riyadh, Riyadh, Saudi 
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Abstract Phenobarbital solubility in various binary and ternary 
propylene glycol-glycerol-water solvent systems was determined. Phe- 
nobarbital concentrations several times those of the ethanol-containing 
USP and BPC elixirs were obtained. From log solubility-solvent com- 
position plots, a general equation was developed for phenobarbital sol- 
ubility prediction in propylene glycol-water, glycerol-water, and pro- 
pylene glycol-glycerol-water solvent systems. Solubility predictions using 
another equation, based on linear log solubility-dielectric constant re- 
lationships, were limited by the need to use different constants for dif- 
ferent solvent blends. Heats of solution for phenobarbital determined 
in selected solvent blends as well as in USP and BPC elixirs varied within 
a very narrow range, suggesting similar solute-solvent interactions. 


Keyphases Phenobarbital-solubility in various binary and ternary 
solvent systems Solubility-phenobarbital in binary and ternary sol- 
vent systems LI Solvent systems-various binary and ternary, pheno- 
barbital solubility 


Ethanol-free liquid preparations of phenobarbital and 
other drugs are needed for the treatment of alcoholic pa- 
tients, children, the elderly, and peptic ulcer patients. 
Furthermore, ethanol is not a pharmacologically inert 
solvent, and its interactions with various drugs are well 
known (1). Ethanol is used in many prescription and 
nonprescription liquid preparations in proportions up to 
90% (2,3). It is used in drug products as a solvent, preser- 
vative, and stabilizer and for its pharmacological effects. 
Other compounds may be used in place of ethanol except 
when it is used as a solvent. 


Various formulas were suggested as alternatives to of- 
ficial formulas for phenobarbital elixir (4-9). Most for- 
mulas, however, contained ethanol in proportions varying 
from 15 to 40%. Some solubilized systems of phenobarbital 
also were prepared and tested for stability and in uitro 
availability (10 , l l ) .  In the present study, phenobarbital 
solubility was determined in binary and ternary propylene 
glycol-glycerol-water systems, and solubility data were 
correlated to physicochemical properties of solvents and 
the solute. This study should provide a model for the de- 
velopment of ethanol-free pharmaceutical solutions of 
drugs that currently include ethanol in their formula- 
tions. 


EXPERIMENTAL 


Materials-Phenobarbital‘, propylene glycol2, and glycerin2 were used 
as supplied. 


Solubility Studies-Excess quantities of phenobarbital were placed 
in 50-ml glass-stoppered flasks with 30 ml of the solvent system. The 
flasks were shaken in a thermostatically controlled water bath3 until 
saturation. Four different temperatures were used; the temperature 
control was better than f 0 . 2 O .  Samples of the saturated solutions were 
pipeted, filtered through a 0.8-fim membrane filte+, suitably diluted with 
the same solvent, and assayed for phenobarbital. In all solvent systems, 


B.D.H. Chemicals Ltd., Poole, England. 
E. Merck, Darmstadt, West Germany. 
Kotterman, type 3407, Hanigsen, West Germany. 
Millipore Corp., Bedford, Mass. 


0.01 N HC1 was used instead of water to suppress phenobarbital ioniza- 
tion. 


Assay-Phenobarbital was assayed spectrophotometridg according 
to a previously described method (12). A calibration curve was established 
for phenobarbital in every solvent blend. 


RESULTS AND DISCUSSION 


Equilibrium solubility data of phenobarbital in aqueous solvent blends 
containing different proportions of glycerol and/or propylene glycol are 
shown in Fig. 1. Phenobarbital concentrations up to 45 mg/ml (-10 times 
the concentration of USP or BPC elixirs) were obtained. The contribution 
of propylene glycol to the increase in phenobarbital solubility was greater 
than that of glycerol. Log solubility-solvent composition plots for both 
propylene glycol-water and glycerol-water systems (Fig. 2) were straight 
lines. Literature data (13) indicate that, in a propylene glycol-water 
system, the logarithm of the solubility of some drugs is linearly related 
to the fraction of propylene glycol present by: 


log st = log so + at (Eq. 1) 


where St is the drug solubility in the solvent mixture, f is the volume 
fraction of propylene glycol, SO is the drug solubility in water, and a is 
a constant characteristic of the system under study. 


Results in Fig. 2 show that Eq. 1 applies to the solubility of pheno- 
barbital in glycerol-water and propylene glycol-water. Values for the 
constants (a) for propylene glycol and glycerol as calculated from the 


‘“I r 
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Figure 1-Phenobarbital solubility in propylene glycol (PG)-glyc- 
erol-water systems at 3 2 O .  Key: 0, 0% PG; O, lO% PG; A, 20% PG; 0, 
30% PG; and ., 50% PG. 
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Figure %-Phenobarbital solubility in propylene glycol-water (PG- W) 
and glycerol-water (G-W) binary systems at 32O. Key: 0, G-W; and 0, 


slopes of the lines (Fig. 2) were 19.88 and 10.88 X respectively. In 
an attempt to extend the approach to the solubility of phenobarbital in 
propylene glycol-glycerol-water, the following equation was devel- 
oped: 


log st = log so + ad1 + ad2 + PfVZ (Eq. 2) 


where ax and a2 are the constants for propylene glycol and glycerol, re- 
spectively, and f~ and f z  are the volume fractions of both solvents. The 
term j3fd; was determined from the fitting of some experimental solu- 
bility data to &. 2. It accounts for the increase in solubility due to solvent 


PG- W. 


1 J 
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Figure 3-Agreement of  experimental solubility of  phenobarbital in 
propylene glycol-glycerol-water (PG-G-W) ternary systems with values 
predicted from Eq. 2. Key: -, theoretical; O,lO% PG; A, 20% PG; 0, 
30% PG; and ., 50% PG. 
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DIELECTRIC CONSTANT OF SOLVENT 
Figure 4-Relationship of phenobarbital solubility to the dielectric 
constant of  the  solvent system. Key: 0, glycerol-water; 0 ,  propylene 
glycol-water; and 0,  propylene glycol-glycerol-water. 


interactions. When f l  and f 2  are equal t o  zero, Eq. 2 reduces to: 


log st = log s o  (Eq. 3) 


which is the logarithm of phenobarbital solubility in 0.01 N HCI. 
When f l  is variable and f i  = 0, Eq. 2 is reduced to: 


log st = log so + ( Y l f  1 (Eq. 4) 


3.2 3.3 3.4 
1 r~ 103 


Figure 5-Effect of temperature on phenobarbital solubility (propylene 
glycol, PG; glycerol, G; and water, W). Key: 0, BPC elixir; m, 50% 
polyethylene glycol 40040% w; A, 50% PG-26% G-24% W ;  0 ,30% 


V, 30% PG-26% G-44% W ;  V, USPelixir; 0,3076 PG-9% G 4 I  % W ;  
PG-52% G-18% W ;  O,30% PG-39% G-31% W ;  A, 50% PG-50% W;  


A,20% PG-26% G-54% W ;  m,lO% PG-26% G-64% W ; a n d v , 4 4 %  
G-56% W. 
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which describes the soiubiiity of phenobarbital in propylene glycol- 
water. 


When f l  = 0 and f z  is variable, Eq. 2 reduces to: 


log st = log s o  + ad2 (Eq. 5) 


which describes the solubility of phenobarbital in glycerol-water binary 
systems. Figure 3 shows the fitting of theoretical lines calculated on the 
basis of Eq. 2 to experimental points determined in the present study. 
The good fit suggests the possible use of such an equation for solubility 
predictions in ternary propylene glycol-glycerol-water systems. 


Gorman and Hall (14) reported a linear relationship between the log- 
arithm of secobarbital solubility and the dielectric constant of the binary 
solvent systems which have similar bonding characteristics: ethanol- 
water, glycerol-water, and propylene glycol-water. In the present in- 
vestigation, the log solubility-dielectric constant (calculated) relationship 
for phenobarbital in propylene glycol-water and glycerol-water was also 
linear (Fig. 4). When this approach was extended to phenobarbital sol- 
ubility in propylene glycol-glycerol-water, an essentially linear rela- 
tionship was observed (Fig. 4). However, this linearity does not seem to 
extend to solvent systems containing high proportions of water since the 
line does not intersect with the other two lines a t  100% water solvent 
composition. This result does not allow for solubility predictions over 
a wide range of solvent compositions as is possible when Eq. 2 is uti- 
lized. 


The effect of temperature on phenobarbital solubility in 12 selected 
solvent systems was studied. Equilibrium solubilities were determined 
at 23,32,40, and 45 f 0.2O, and the log solubility-1/T relationships were 
plotted (Fig. 5). The heats of solution calculated from Fig. 5 varied in the 
relatively narrow range of G 3  kcal/mole for the different solvent systems. 
The relatively nonpolar phenobarbital molecule is believed to dissolve 
in the relatively polar solvent blends through hydrogen bonding of the 
electronegative oxygen of the phenobarbital carbonyl groups to the hy- 
drogen of hydroxyl groups in water, glycerol, or propylene glycol. The 
close values of heats of solution suggest similar types of solution mech- 
anism and bonding. 


Results of the present investigation showed that phenobarbital solu- 
bility can be effected through the use of mixed ethanol-free solvents to 


COMMUNICATIONS 


produce concentrations well above those required to formulate a phe- 
nobarbital elixir. The correlation of solubility data to specific solvent 
contributions enabled solubility predictions from a knowledge of solvent 
composition. Evaluation of the stability and bioavailability of pheno- 
barbital in these solvent systems will be reported later. 
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Single-Point Maintenance Dose Prediction: 
Role of Interindividual Differences in 
Clearance and Volume of Distribution in 
Choice of Sampling Time 


Keyphrases Pharmacokinetics-single-point maintenance dose 
prediction, theoretical analysis Single-point maintenance dose pre- 
diction-pharmacokinetics, theoretical analysis 


To the Editor: 
Experimental observations of very strong correlations 


between a single determination of concentration after the 


first dose of a drug and the eventual steady-state concen- 
tration have been observed experimentally for lithium, 
nortriptyline, imipramine, and desipramine (1-5). Such 
a relationship also exists for drugs with short half-lives 
based on simulations and clinical studies of chloram- 
phenicol and theophylline (6-8). 


If a single determination of concentration after the first 
dose of drug correlates with the eventual steady-state 
concentration, then, over the linear range, this correlation 
provides the basis for the prediction of maintenance dose 
necessary to achieve a desired steady-state concentration. 
In an attempt to clarify this very powerful method of 
maintenance dose prediction, a theoretical analysis of the 
relationship was carried out to determine the: (a) source 
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Abstract In gastric aspirate from a case of severe chlorprothixene 
poisoning, large amounts (-30% of the chlorprothixene) of a previously 
unrecognized compound were found and identified tentatively as 2- 
chlorothioxanthen-9-one by combined GLC-low-resolution mass spec- 
trometry and high-resolution mass spectrometry. The identity of the 
unknown compound was verified after synthesis of 2-chlorathioxan- 
then-9-one by two procedures. Only negligible amounts of 2-chlo- 
rothioxanthen-9-one were formed when chlorprothixene, dissolved in 
acids, bases, chloroform-isopropanol, methanol, or gastric fluid, was 
stored in the dark. However, large amounts of the drug were converted 
to 2-chlorothioxanthen-9-one upon exposure to UV light. Moreover, 
considerable quantities of unidentified degradation products were formed 
when chlorprothixene was exposed to lamp light as well as to UV light. 
Therefore, samples from cases of acute drug poisoning should be pro- 
tected from light until analysis. 


Keyphrases Chlorprothixene-degradation product identification, 
GLC-mass spectrometry, gastric aspirate 0 GLC-mass spectrome- 
try-analysis, chlorprothixene and degradation product, gastric aspirate 
0 Thioxanthene derivatives-chlorprothixene and degradation product, 
GLC-mass spectrometric analysis, gastric aspirate Tranquilizers- 
chlorprothixene, GLC-mass spectrometric analysis, gastric aspirate, 
degradation product 


In our hospital, gastric lavage is performed routinely in 
all patients with suspected intoxication, and it is useful to 
analyze gastric aspirate (and unknown tablets) by com- 
bined GLC-mass spectrometry for the primary detection 
of the intoxicants in cases of acute drug poisoning (1). An 
advantage of using gastric aspirate samples is that non- 
metabolized drugs may be demonstrated. This task is 
much simpler than identifying drug metabolites, which 
may be found in the urine, for example. 


Seven thioxanthene derivatives have been described in 
humans after chlorprothixene ingestion. They all are 
probably true metabolites of the drug and not postmortem 
degradation products (2, 3). In the present work, an ad- 
ditional thioxanthene derivative, 2-chorothioxanthen- 
9-one, was identified in the gastric aspirate from a case of 
severe chlorprothixene poisoning. 


EXPERIMENTAL 
Chlorprothixene' [3-(2-chloro-9H-thioxanthen-9-ylidene)-N,N- 


dimethyl-1-propanamine, I] was purchased. 2-Chlorothioxanthen-9-one 
was synthesized by a convenient new method-viz., oxidation of chlor- 
prothixene by potassium permanganate in benzene using 
1,4,7,10,13,16-hexaoxacyclooctadecane (18-crown-6) as a catalyst. The 
structure also was verified by a patented two-step synthesis (4). In the 
first step, 2-carboxy-4'-chlorophenylsulfide was made from 4-chlo- 
rothiophenol and 2-iodobenzoic acid. In the second step, the ring system 
was formed by dehydration in hot concentrated sulfuric acid. 


Gastric aspirate was obtained from a case of severe chlorprothixene 
poisoning. The pH was adjusted to 9.5 prior to extraction of the neutral 
and basic compounds with chloroform-isopropanol(955 vlv). The extract 
was received by this laboratory for analysis after -3 months. It was not 
possible to obtain reliable data on the storage conditions. 


Truxal, H. Lundbeck & Co. A/S, Copenhagen, Denmark. 


SI CH3 - - \  


I 
Scheme I-Structural formulas of chlorprothixene (I)  and its degra- 


dation product, 2-chlorothioxanthen-9-one (II). 


Combined GLC-low-resolution mass Spectrometry was performed 
using a gas chromatograph2, a molecular separator of the glass frit type, 
and a single-focusing low-resolution mass spectrometer3 operated with 
an ionizing energy of 70 ev. The gas chromatograph was equipped with 
a silanized glass column (2.5 m X 2 mm i.d.) packed with 3% QF-1 on 
Supelcoport, 80-100 mesh. The column was maintained isothermally at  
210°, and helium was used es the carrier ges with a flow rate of 30 mvmin. 
The instrument was connected on-line to  a computer system4. 


High-resolution mass spectrometry was performed with a double- 
focpsing instrument5 (source temperature, 220O; ionizing energy, 70 ev; 
ionization current, 100 pamps). The samples were introduced by the 
heated direct-insertion probe. Peak-matching measurements using 
, heptacosafluorotributylamine as a standard were performed with a re- 
solving power of 1:15,000. 


RESULTS AND DISCUSSION 


GLC of the neutral and basic compounds in gastric aspirate from a case 
of severe chlorprothixene poisoning showed, in addition to chlorpro- 
thixene, a large peak (30% of the chlorprothixene peak area) with a rel- 
ative retention volume of 0.55 compared to chlorprothixene. 


The mass spectrum of the unknown compound (Fig. 1) showed 
prominent peaks in the high mass range and almost no fragment ions in 
the lower mass range, thus indicating a stable molecular structure, 
probably a ring structure. The peaks a t  m/z 2461248 and 2181220 indi- 
cated a chlorine atom in the compound. The direct formation of the ion 
at  mlz 218 from the ion at  mlz 246 and of the ion at  mlz 220 from that 
a t  mlz 248 was shown by metastable peaks a t  193.2 and 195.2, respec- 
tively. 


248 


I 


m lz 
Figure I-Low-resolution mass spectrum of a previously unrecognized 
compound in gastric aspirate from a case of severe chlorprothixene 
poisoning. This mass spectrum was identical to that of authentic 2- 
chlorothioxanthen-9-one (not shown). 


Varian 1440, Varian MAT, Bremen, West Germany. 
Varian CH 7,  Varian MAT, Bremen, West Germany. * Spectro System 100 MS, Varian MAT, Bremen, West Germany. 


5 MS 902, AEI, Manchester, England. 


812 I Journal of Pharmaceutical Sciences 
Vol. 70. No. 7, July 1981 


0022-35491 8 11 0700-08 12$0 1.001 0 
@ 198 1, American Pharmaceutical Association 







Table I-Formation of 2-Chlorothioxanthen-9-one (11) from Chlorprothixene ( I )  under  Various Conditions 


Exposure to Light Solvent 
~~ 


Temperature Days Amount of I1 Formeda, % 


Darkness 2 M HCl 
2 M KOH 
1 M NaOH 
5 M NaOH 
Gastric fluid, simulatedb 


80’ 
800 _. 


22” 
22O 
80° 


9 
9 


18 
18 
1 


ND 
N n  - ._ 
ND 
0.2 
ND 


Gastric fluid I (pH 2.4)c 370 31 0.6 
Gastric fluid I1 (pH 1.5)c 37O 38 1.5 
Gastric fluid I11 (pH 6.5)c 37” 31 0.6 
Chloroform-isopropanol(95:5 v/v) 4O 32 ND 
Chloroform-isopropanol(95:5 v/v) 40 580 0.5 
Chloroform-isopropanol(95:5 v/v) 220 32 ND 
Chloroform-isopropanol(95:5 v/v) 22” 580 3.5 


Lamp light Methanol 220 34 NDd 
Chloroform-isopropanol(95:5 v/v) 220 34 NDdd 


UV light (254 nm) + lamp light Methanol 220 4 + 16 32 
Chloroform-isopropanol(95:5 v/v) 220 4 + 16 31d 


(I The formation of I1 was measured by GLC; see Experimental ND = not detectable (<0.2%). * Prepared according to the USP method (5). 
Considerable quantities (5-40%) of degradation products of I other than 11. 


Obtained by gastric 
aspiration in three healthy adults. 


Exact mass measurements in a high-resolution mass spectrometer 
showed that the empirical formula of the ion at  mlz 246 was C13H7ClOS 
(theoretical mass, 245.9906; observed mass, 245.9906). Similarly, the ions 
at  m/z 218 and 183 were shown to be ClzH7ClS (theoretical mass, 
217.9957; observed mass, 217.9959) and C12H7S (theoretical mass, 
183.0268; observed mass, 183.0264), respectively. 


From these data, the unknown compound was identified tentatively 
as 2-chlorothioxanthen-9-one (11). This compound was synthesized by 
two methods. The synthetic compounds cochromatographed with the 
unknown in GLC, and their mass spectra were identical. Thus, the 
identity of the unknown compound was established as 11. 


Table I shows the formation of I1 from chlorprothixene (I) under var- 
ious storage conditions. Only negligible amounts were formed when the 
drug was stored in the dark or in lamp light. However, when I was treated 
with UV light for 4 days followed by storage in lamp light for 16 days, 
-30% of I was converted to 11. Moreover, considerable quantities of un- 
identified degradation products of I were formed when I was exposed to 


lamp light and UV light. These findings are in accordance with unpub- 
lished data (6). Therefore, samples from cases of acute drug poisoning 
should be stored in the dark. 
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Abstract A comprehensive method for the analysis of several 
phenylalkyl primary amines of biological interest was developed. The 
amines were derivatized with perfluoro acid anhydrides or carbon di- 
sulfide in ethyl acetate, and the respective acyl derivatives or isothiocy- 
anate derivatives were analyzed by GLC using nitrogen-specific detection. 
The described procedure was used to measure the amphetamine con- 
centrations in rat serum, brain, and liver after intraperitoneal injection 
(5 mg/kg). 


Keyphrases [7 Phenylalkyl primary amines-GLC analysis using ni- 
trogen detection, rat serum, brain, and liver 0 Amphetamines-phe- 
nylalkyl primary amines, GLC analysis using nitrogen detection, rat 
serum, brain, and liver 0 GLC-nitrogen detection, analysis, phenylalkyl 
primary amines in rat serum, brain, and liver 


The use of nitrogen-phosphorus detection in GLC has 
many applications in biomedicine for the trace analyses 
of nitrogen-containing compounds. The nitrogen-phos- 
phorus detector is generally 10-100 times more sensitive 
than the flame-ionization detector and has very little re- 


sponse to organic compounds that do not contain phos- 
phorus or nitrogen atoms. Thus, therapeutic levels of many 
drugs containing a secondary or tertiary nitrogen, e.g. ,  
anticonvulsants (1, 2), analgesics (3), tricyclic antide- 
pressants (4-61, antipsychotics (7,8), and drugs of abuse 
(9-111, can be measured. However, this approach has not 
yet been exploited for the analysis of primary amines. The 
use of GLC with nitrogen detection was suggested for the 
identification of amphetamine in forensic toxicology (9). 


In this report, a comprehensive method for the analysis 
of several phenylalkyl primary amines is described. The 
amines were derivatized with acid anhydrides or carbon 
disulfide, and the N-acyl and isothiocyanate derivatives 
were analyzed by GLC with nitrogen detection. 


EXPERIMENTAL 


Materials-All of the phenylalkyl primary amines were obtained 
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3. student could not adequately adjust a patient’s phenytoin dose. Since 
the authors have been involved in pioneering work in this field, it may 
be that such material will be included in an upcoming text to which they 
allude. However, in this reviewer’s opinion, a more detailed treatment 
of nonlinear kinetics would have been useful. 


Another significant defect of this text is that  i t  is difficult to identify 
the primary source for some textual material. The source of the data 
contained in the tahles and figures is identified. However, it is generally 
not possible to identify the source of information within the body of the 
text. 


This book is well written and should be considered as a standard text 
for introductory courses in Pharmacy Baccalaureate and Doctor of 
Pharmacy programs and for freshman graduate courses in pharmaceutics 
and pharmacology. 


Reviewed by David Lalka 
Department of Pharmaceutics 
School of Pharmacy 
State University of New York at 


Buffalo Amherst ,  N Y  14260 


Second Supplement to USP XX and NF XV. Drug Standards Division, 
United States Pharmacopeial Convention, 126M Twinbrook Parkway, 
Rockville, MD 20852. 245 pp. 20 X 29 cm. Price $8.00. 
The Second Supplement is cumulative with the first one and contains 


changes that constitute revisions in the USP XX and N F  XV effective 
May 1,1981. Additions and deletions in the USP XX official monographs 
comprise the largest section, totaling 133 pages, whereas those in the 
General Requirements for Tests and Assays section are contained in 12  
pages. Under General Information are selected portions of the regulations 
promulgated under the Controlled Substances Act and portions of the 
Poison Packaging Act and Regulations, of interest t o  students and 
practitioners in pharmacy and medicine. Changes in the official NF XV 
monographs comprise almost 20 pages and are followed by an appendix 
containing excerpts from federal regulations on antibiotics and an index 
to this supplement. 


Staff R e v i m  


Solid Pharmaceutics: Mechanical Properties and Rate Phenomena. 
By JENS THUR0 CARSTENSEN. Academic, 111 Fifth Ave., New 
York, NY 10003.1980.259 pp. 15 X 23 cm. Price $35.00. 
This brief book, written in terse mathematical style, is an ambitious 


attempt to consolidate the more important research in the field of solid 
pharmaceutics. The first chapter contains an introduction to the char- 
acteristics of single-component systems, with emphasis on the properties 
of crystals. Chapter 2 deals with particulate solids and their dimensions 
and properties. Chapter 3 extends this treatment to two-component 
systems and includes such topics as blending and the effect of moisture 
on solids. The next two chapters are devoted to successive stages in the 


manufacture of tablets: precompression operations, including wet 
granulation, dry milling, tablet formulation, and lubrication, followed 
by compression and hardness testing. The book concludes with a section 
on the physical properties of solid dosage forms, particularly the disso- 
lution of tablets and capsules and their chemical stability 


Solid pharmaceutics is perhaps the area in which the catholicity of the 
pharmaceutical sciences is most in evidence. In his scholarly treatment 
of the subject, Carstensen draws heavily on the literature of powder 
technology, crystallography, chemical engineering, polymer science, and 
metallurgy. Yet he does not hesitate to offer his own views on contro- 
versial subjects. In discussing the upward curvature observed in Hix- 
son-Crowell plots of the cube root of mass uersus time, he suggests that  
deviations from straight-line behavior can be attributed to the lack of 
isometry of most real particles. He then proceeds to show how one c a ~  
introduce a shape factor to correct for this deviation. In discussing angle 
of repose, he points out that  the equations usually employed predict that 
as the particle diameter becomes smaller, the angle of repose approaches 
an infinite value rather than the value most consistent with the physical 
model, 90’. T o  remedy this, the cohesional and frictional coefficients are 
expressed in terms of trial functions with proper boundary conditions 
and an equation is obtained based on the force diagram for a powder 
heap. 


Particularly lucid is his treatment of Prout-Tompkins kinetics of 
solid-state decomposition. Carstensen also shows how the boundary 
conditions of the Prout-Tompkins model can be modified to treat data 
that follow first-order kinetics. 


Where appropriate, the text is augmented with solved quantitative 
examples, copious tables of empirical data, and more than 100 beautifully 
drawn, uncluttered, line figures. Those familiar with Carstensen’s earlier 
treatments of this subject, “Pharmaceutics of Solids and Solid Dosage 
Forms” and “Theory of Pharmaceutical Systems,” will see some of the 
same figures and numerical examples in the present volume, but repe- 
tition has been kept to a minimum. The problems are relatively easy and 
are mainly computational exercises. 


One may make some minor criticisms of the hook, especially with re- 
gard to topics such as lyophilization and spray drying, which are given 
short shrift. Symbols often are introduced without definition, and un- 
conventional symbols are substituted unnecessarily for more familiar 
ones. For example, in the Rragg equation, RJ rather than d is used for 
interplanar spacing. The Greek letter 8 is used for time. More confusing, 
F is used for the Helmholtz energy rather than A. Formerly, of course, 
F was used in texthooks for the Gibbs free energy. There are a few errors. 
An exponent has been omitted in the Shotten-Hersey equation (V-3-24a). 
In the plot of water vapor pressure uersus moles of water, one plateau for 
sodium phosphate is mislabeled (Fig. 111-15). But these are minor points 
and in no way detract from my opinion that the author has treated a 
comprehensive set of difficult problems with excellent conceptual orga- 
nization and clarity. 


Pharmaceutical development scientists and graduate students who 
require a quantitative understanding of the operations related to  the 
manufacture of solid dosage forms will find this slender volume very 
useful. It is not for casual reading, and the nonspecialist who wants a 
broad overview of the field will have to find it elsewhere. 


Retiiewed by J. Keith Guillory 
College of Pharmacy 
llniuersity of Iowa 
IOWQ City,  I A  52242 
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which describes the soiubiiity of phenobarbital in propylene glycol- 
water. 


When f l  = 0 and f z  is variable, Eq. 2 reduces to: 


log st = log s o  + ad2 (Eq. 5) 


which describes the solubility of phenobarbital in glycerol-water binary 
systems. Figure 3 shows the fitting of theoretical lines calculated on the 
basis of Eq. 2 to experimental points determined in the present study. 
The good fit suggests the possible use of such an equation for solubility 
predictions in ternary propylene glycol-glycerol-water systems. 


Gorman and Hall (14) reported a linear relationship between the log- 
arithm of secobarbital solubility and the dielectric constant of the binary 
solvent systems which have similar bonding characteristics: ethanol- 
water, glycerol-water, and propylene glycol-water. In the present in- 
vestigation, the log solubility-dielectric constant (calculated) relationship 
for phenobarbital in propylene glycol-water and glycerol-water was also 
linear (Fig. 4). When this approach was extended to phenobarbital sol- 
ubility in propylene glycol-glycerol-water, an essentially linear rela- 
tionship was observed (Fig. 4). However, this linearity does not seem to 
extend to solvent systems containing high proportions of water since the 
line does not intersect with the other two lines a t  100% water solvent 
composition. This result does not allow for solubility predictions over 
a wide range of solvent compositions as is possible when Eq. 2 is uti- 
lized. 


The effect of temperature on phenobarbital solubility in 12 selected 
solvent systems was studied. Equilibrium solubilities were determined 
at 23,32,40, and 45 f 0.2O, and the log solubility-1/T relationships were 
plotted (Fig. 5). The heats of solution calculated from Fig. 5 varied in the 
relatively narrow range of G 3  kcal/mole for the different solvent systems. 
The relatively nonpolar phenobarbital molecule is believed to dissolve 
in the relatively polar solvent blends through hydrogen bonding of the 
electronegative oxygen of the phenobarbital carbonyl groups to the hy- 
drogen of hydroxyl groups in water, glycerol, or propylene glycol. The 
close values of heats of solution suggest similar types of solution mech- 
anism and bonding. 


Results of the present investigation showed that phenobarbital solu- 
bility can be effected through the use of mixed ethanol-free solvents to 


COMMUNICATIONS 


produce concentrations well above those required to formulate a phe- 
nobarbital elixir. The correlation of solubility data to specific solvent 
contributions enabled solubility predictions from a knowledge of solvent 
composition. Evaluation of the stability and bioavailability of pheno- 
barbital in these solvent systems will be reported later. 
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Single-Point Maintenance Dose Prediction: 
Role of Interindividual Differences in 
Clearance and Volume of Distribution in 
Choice of Sampling Time 
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diction-pharmacokinetics, theoretical analysis 


To the Editor: 
Experimental observations of very strong correlations 


between a single determination of concentration after the 


first dose of a drug and the eventual steady-state concen- 
tration have been observed experimentally for lithium, 
nortriptyline, imipramine, and desipramine (1-5). Such 
a relationship also exists for drugs with short half-lives 
based on simulations and clinical studies of chloram- 
phenicol and theophylline (6-8). 


If a single determination of concentration after the first 
dose of drug correlates with the eventual steady-state 
concentration, then, over the linear range, this correlation 
provides the basis for the prediction of maintenance dose 
necessary to achieve a desired steady-state concentration. 
In an attempt to clarify this very powerful method of 
maintenance dose prediction, a theoretical analysis of the 
relationship was carried out to determine the: (a) source 
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and magnitude of the error involved with the estimate, ( b )  
general applicability of the method to other drugs, and (c) 
limits of the method's application (9). It was observed that 
the method yielded a good estimate of clearance in an in- 
dividual which did not seem to be affected by interindi- 
vidual variation in the volume of distribution (10). 


The analysis described the inverse relationship between 
the concentration (C*)  observed at some time (t*) after the 
first dose (D*) and the maintenance dose (D,) required 
to obtain a desired steady-state drug concentration 


1/D, = *C* (Eq. 1) 


@SS 1: 


where: 
eKt* *=- (Eq. 2) 


where K is the elimination rate constant of the drug in an 
individual patient and T is the dosing interval. It was 
previously noted (9) that \k (the proportionality factor in 
Eq. 1 as defined by Eq. 2) would vary among individuals 
but in such a manner that, at a certain t*, the variability 
would not allow estimates of D, that would yield CSs val- 
ues within 10-20% of the target value. 


The purpose of this communication is to extend this 
analysis into areas not completely dealt with previously: 


1. Since K is a function of clearance (CZ) and volume of 
distribution (V), how does \k vary as a function of inter- 
individual variability in these independent parameters? 


2. Why is Ji relatively constant throughout a popula- 
tion? 


3. What factors determine the optimum value oft*? 
To answer these questions, it is first necessary to recast 


Ji as a function of clearance and volume of distribution 
through the relationship: 


K = Cl/V (Eq. 3) 


L K T D *  


Therefore: 
Ve(C'IV)t' 
Clcss,, TD* *=- (Es. 4) 


The portion of Ji that varies among the population is 
(V/CZ)e(cllv)t*. Ideally, \k would not vary from one indi- 
vidual to another, but since CZ and V vary throughout the 
population, \k will vary among individuals. However, Ji is 
minimally affected by interindividual differences in CZ and 
V when its partial first derivatives with respect to these 
independent variables are simultaneously close to zero. 
The partial first derivatives are equal to zero when: 


(Cl/V)t* = 1 (Eq. 5) 


or: 


t* = V/C1= 1/K (Eq. 6) 


Thus, Ji is insensitive to interindividual differences in C1 
and V when (Cl/V)t* is in the neighborhood of 1. 


It is important to remember that \k does not vary simply 
as a function of C1 or V among individuals but actually 
varies as a function of their ratio, K. Therefore, it is ap- 
propriate to consider the intersubject variability of Ji as 
a function of K and to consider the influence of interin- 
dividual variability in K on the value of \k as defined by 
Eq. 2. 


Since K varies among individuals, the true value of Ji 
also varies throughout the popultion. However, under 


Table I-Effect of Varying the Value of x about 1 on the Value 
of the Function e x / x  


X e x  eX/x  Ratio" 


0.50 
1.25 
2.00 


1.65 
2.79 
7.39 


3.30 
2.79 
3.69 


Mean 3.26 


1.01 
0.86 
1.13 


Ratio of ez/x for each value of x to the mean value. 


certain conditions, \k varies much less than K. The vari- 
ability in K causes minimum fluctuations in Ji if K and 
eKt* vary in proportion to one another (Eq. 2). When the 
exponent ( x )  of e x  is in the neighborhood of 1, the value 
of ex varies in rough proportion to x .  As seen in Table I, a 
fourfold variation in x centered around 1 produces less 
than a 15% variation in the function e x / x  about its mean 
value. 


Equation 2 is of the form e x / ( x / t * )  where x = (CZ/V)t* 
= Kt*. When the value oft* in Eq. 6 is substituted into Eq. 
2, the value of the exponent is 1. When x increases, e x  in- 
creases in rough proportion, and the value of the ratio in 
Eq. 2 does not change greatly. Therefore, Ji does not vary 
greatly with K as long as Kt* remains in the neighborhood 
of 1. 


In addition, from the steps leading to Eq. 6, it is seen that 
the value of Ji is insensitive to interindividual changes in 
C1 and V when (Cl/V)t* (i.e., Kt*) is in the neighborhood 
of 1. Since t* is chosen and fixed in the single-point method 
of maintenance dose prediction and since K varies among 
individuals, changes in C1 and V increasingly affect Ji as 
Kt* moves away from 1. If the influence of interindividual 
differences in Cl and V are to be kept at a minimum for the 
majority of the population and if the mathematical prop- 
erties of Eq. 2 are to be taken advantage of, t* should be 
chosen as the mean (or mode) value of 1/K. 


When t* is chosen in this manner, Ji varies minimally 
with changes in K and the method gives estimates of 
maintenance doses based on a population average value 
of \k that are minimally affected by interindividual vari- 
ability in C1 and V. These considerations can be extended 
to any one-compartment drug for which a clinically ac- 
ceptable value of t* (perhaps not >24 hr) can be chosen 
such that Kt* can be kept in the neighborhood of 1 
throughout the population. This approach is presently 
being extended to multicompartment drugs and the pre- 
diction of steady-state concentrations of metabolites of 
therapeutic interest. 
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Correlation of Water Solubility with 
Octanol-Water Partition Coefficient 


Keyphrases Solubility-water, correlation with octanol-water par- 
tition coefficient Partition coefficient-octanol-water, correlation with 
water solubility Melting-point effect-correlation between water 
solubility and octanol-water partition coefficient 


To the Editor: 
Yalkowsky and Valvani (1) made a valuable analysis of 


the melting-point effect on the solubility of solid com- 
pounds and discussed the correlation between water sol- 
ubility ( S )  and the octanol-water partition coefficient (P). 
Regression equations between log S and log P were con- 
structed using log P values calculated primarily from 
molecular fragment constants developed by Nys and 
Rekker (2). 


We have found several points relevant to the Yalkow- 
sky-Valvani analysis (1). First, part of their conclusions 
for a particular class of compounds was based on a linear 
regression between the values of log Sobs and log Pestim 
obtained from the correlation equation for that class of 
compounds. Regression of this kind must, in principle, 
yield log Sobs = 1.0 log Sestim with an intercept equal to 0.0. 
The correlation coefficient will then be a measure of how 


for the compounds in Table VI, i.e., log S = -0.9874 log P 
- O.O095(MP) + 0.7178, the estimated S values then de- 
viate appreciably from the experimental data. 


It is understood that log P values calculated by various 
fragment approaches are only as accurate as the values 
used to define each fragment. At this time, the rules to 
calculate log P values are empirically derived. This ap- 
proach has led to numerous correction factors for such 
things as branching, flexibility, chain length, bond un- 
saturation, and substituent polarity. In general, the frag- 
ment approach works reasonably well for simple low mo- 
lecular weight molecules. It tends to be less accurate for 
more complex molecules. 


Third, Yalkowsky and Valvani assumed that the effect 
of octanol-water mutual saturation on the partition 
coefficient was small and thus ignored it in their treatment. 
Banerjee et al. (3) also reported no observable effect of 
octanol-water mutual saturation. Although this effect is 
expected to be small for compounds with relatively high 
solubilities in both octanol and water, it  becomes signifi- 
cant for solutes with limited solubilities. Consequently, it 
would be a factor in the correlation of log S versus log P at 
the low S (high P )  region. 


The significance of octanol-water mutual saturation 
may be evaluated by comparing experimental P values 
with those calculated from solute solubilties in octanol and 
water for some high melting solid compounds. Because of 
the high melting-point effect, solids have limited solubil- 
ities in both solvents and their partition coefficients can 
be determined directly from the ratios of solute solubilties 
in the two solvents. Note that at  low (mole fraction) con- 
centrations, solute activity coefficients are essentially 
constant and the log P of a solute would be practically 
constant at  all concentrations. 


We selected p,p'-dichlorodiphenyltrichloroethane (I)1, 
hexachlorobenzene (11)2, and anthracene (111) for illus- 
tration. The experimental and estimated octanol-water 
partition coefficients and the determined solubilities in 
water, octanol, and water-saturated octanol for these 


Table I-Solubilities and Octanol-Water Partition Coefficients of I, 11, and I11 


Compound Melting Point S,  (pgfliter) S, (ghiter) Solw (gfliter) log S,IS, log Pexp log Pest* 


I 108.5' 5.5 (25')C 41.5 (24') 31.9 (24') 6.88 6.36 - 
5.0 (20") 


I1 230' 5.0 (251')~ 3.53 (23') 2.65 (23') 5.85 5.50 6.53 
I11 216' 45 (25°)d 2.44 (23') 2.22 (23') 4.73 4.45e 4.63 


0 Key: S,, solubility in water; So, solubility in octanol; So/,, solubility in water-saturated octanol; and P,,,, experimental octanol-water partition coefficient. * Estimated 
Reference 6. values from fragment constants given in Ref. 1. Reference 7. d Reference 8. 


well log Sobs fits log Sestim. For reasons unspecified, this 
condition was not met in their Eqs. 32-36. 


Second, the calculated values of log P for some low sol- 
ubility compounds are highly imprecise. For instance, the 
values of log P, 5.05, 5.79, and 6.53, estimated for 
1,2,3,5-tetra-, penta-, and hexachlorobenzene, respectively, 
in their Table VI, are considerably greater than the cor- 
responding experimental values of 4.46 (3), 4.94 (3), and 
5.50 (4). It is surprising that the molar solubilities (log S )  
predicted from these calculated log P values and the solute 
melting points (MP) fall into close agreement with the 
experimental log S. If experimental log P values are en- 
tered into the correlation derived by Yalkowsky et al. (5) 


compounds are given in Table I. If it is assumed that mu- 
tual saturation has no effect on solute partitioning, the 
partition coefficients should be equal to the ratios of solute 
solubilties in pure octanol and water (So/Sw); i.e., log P = 
6.88 for I, 5.85 for 11, and 4.73 for 111. These calculated P 
values are larger than the experimental values by factors 
of 3.3,2.2, and 1.9 for I, 11, and 111, respectively. The dif- 
ference between experimental and calculated P values 
results presumably from an alteration of the solute solu- 
bilities in the two solvents due to their mutual saturation. 


1 Commonly referred to as DDT. 
Commonly referred to as HCB. 
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Table I-Formation of 2-Chlorothioxanthen-9-one (11) from Chlorprothixene ( I )  under  Various Conditions 


Exposure to Light Solvent 
~~ 


Temperature Days Amount of I1 Formeda, % 


Darkness 2 M HCl 
2 M KOH 
1 M NaOH 
5 M NaOH 
Gastric fluid, simulatedb 


80’ 
800 _. 


22” 
22O 
80° 


9 
9 


18 
18 
1 


ND 
N n  - ._ 
ND 
0.2 
ND 


Gastric fluid I (pH 2.4)c 370 31 0.6 
Gastric fluid I1 (pH 1.5)c 37O 38 1.5 
Gastric fluid I11 (pH 6.5)c 37” 31 0.6 
Chloroform-isopropanol(95:5 v/v) 4O 32 ND 
Chloroform-isopropanol(95:5 v/v) 40 580 0.5 
Chloroform-isopropanol(95:5 v/v) 220 32 ND 
Chloroform-isopropanol(95:5 v/v) 22” 580 3.5 


Lamp light Methanol 220 34 NDd 
Chloroform-isopropanol(95:5 v/v) 220 34 NDdd 


UV light (254 nm) + lamp light Methanol 220 4 + 16 32 
Chloroform-isopropanol(95:5 v/v) 220 4 + 16 31d 


(I The formation of I1 was measured by GLC; see Experimental ND = not detectable (<0.2%). * Prepared according to the USP method (5). 
Considerable quantities (5-40%) of degradation products of I other than 11. 


Obtained by gastric 
aspiration in three healthy adults. 


Exact mass measurements in a high-resolution mass spectrometer 
showed that the empirical formula of the ion at  mlz 246 was C13H7ClOS 
(theoretical mass, 245.9906; observed mass, 245.9906). Similarly, the ions 
at  m/z 218 and 183 were shown to be ClzH7ClS (theoretical mass, 
217.9957; observed mass, 217.9959) and C12H7S (theoretical mass, 
183.0268; observed mass, 183.0264), respectively. 


From these data, the unknown compound was identified tentatively 
as 2-chlorothioxanthen-9-one (11). This compound was synthesized by 
two methods. The synthetic compounds cochromatographed with the 
unknown in GLC, and their mass spectra were identical. Thus, the 
identity of the unknown compound was established as 11. 


Table I shows the formation of I1 from chlorprothixene (I) under var- 
ious storage conditions. Only negligible amounts were formed when the 
drug was stored in the dark or in lamp light. However, when I was treated 
with UV light for 4 days followed by storage in lamp light for 16 days, 
-30% of I was converted to 11. Moreover, considerable quantities of un- 
identified degradation products of I were formed when I was exposed to 


lamp light and UV light. These findings are in accordance with unpub- 
lished data (6). Therefore, samples from cases of acute drug poisoning 
should be stored in the dark. 
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Abstract A comprehensive method for the analysis of several 
phenylalkyl primary amines of biological interest was developed. The 
amines were derivatized with perfluoro acid anhydrides or carbon di- 
sulfide in ethyl acetate, and the respective acyl derivatives or isothiocy- 
anate derivatives were analyzed by GLC using nitrogen-specific detection. 
The described procedure was used to measure the amphetamine con- 
centrations in rat serum, brain, and liver after intraperitoneal injection 
(5 mg/kg). 


Keyphrases [7 Phenylalkyl primary amines-GLC analysis using ni- 
trogen detection, rat serum, brain, and liver 0 Amphetamines-phe- 
nylalkyl primary amines, GLC analysis using nitrogen detection, rat 
serum, brain, and liver 0 GLC-nitrogen detection, analysis, phenylalkyl 
primary amines in rat serum, brain, and liver 


The use of nitrogen-phosphorus detection in GLC has 
many applications in biomedicine for the trace analyses 
of nitrogen-containing compounds. The nitrogen-phos- 
phorus detector is generally 10-100 times more sensitive 
than the flame-ionization detector and has very little re- 


sponse to organic compounds that do not contain phos- 
phorus or nitrogen atoms. Thus, therapeutic levels of many 
drugs containing a secondary or tertiary nitrogen, e.g. ,  
anticonvulsants (1, 2), analgesics (3), tricyclic antide- 
pressants (4-61, antipsychotics (7,8), and drugs of abuse 
(9-111, can be measured. However, this approach has not 
yet been exploited for the analysis of primary amines. The 
use of GLC with nitrogen detection was suggested for the 
identification of amphetamine in forensic toxicology (9). 


In this report, a comprehensive method for the analysis 
of several phenylalkyl primary amines is described. The 
amines were derivatized with acid anhydrides or carbon 
disulfide, and the N-acyl and isothiocyanate derivatives 
were analyzed by GLC with nitrogen detection. 


EXPERIMENTAL 


Materials-All of the phenylalkyl primary amines were obtained 
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commercially*. Glass-distilled2 methanol, ethyl acetate, and hexane were 
used. Trifluoroacetic anhydride, pentafluoropropionic anhydride, and 
heptafluorobutyric anhydride were used as received3. Carbon disulfide 
and acetic anhydride were analytical grade. 


The gas chromatograph4 was equipped with a dual nitrogen-phos- 
phorus detector. The instrument was set according to the instruction 
manual provided by the manufacturer, except that the offset current 
applied to the alkali metal bead was adjusted to give a recorder deflection 
of 20% of the full scale at a range of 1 and an attenuation of 32. The voltage 
input can be increased further to improve sensitivity to a point when the 
detector response to  baseline noise ratio is optimum. 


The 0.9-m coiled glass (2-mm i.d.) column was packed with 3% OV-17 
on SO-100-mesh WHP Supelcoport. The gas flow rates were as follows: 
hydrogen, 3 ml/min; air, 50 ml/min; and helium (carrier gas), 30 ml/min. 
Oven temperature of 130" isothermal and injection port and detector 
temperatures of 200 and 300°, respectively, were used when trifluo- 
roacetic anhydride was the derivatizing reagent. 


Procedures-The stock solutions of standard reference compounds 
were made in methanol to give 1-mg (as free base) concentrations. The 
salts were extracted from 1 ml of 1 N NaOH solutions with 0.5 ml of 
hexane or ethyl acetate. Primary amines without derivatization eluted 
as broad peaks because of the polar amino group. Several derivatizing 
reagents were tried to find optimum conditions. Amphetamine, 
P-phenethylamine, and tyramine were used as prototype amines for de- 
termining these conditions. These primary amines, when underivatized, 
eluted immediately as broad peaks from 3% OV-17 at 130". 


Derivatization with Carbon Disulfide-Isothiocyanate derivatives 
were prepared according to a previously published method (12). Ex- 
tracted solutions of amphetamine, phenethylamine, and tyramine were 
transferred to a reaction vial, and 0.5 ml of carbon disulfide was added. 
The mixture was shaken for 15 min, dried under nitrogen, redissolved 
in ethyl acetate, and injected into the chromatograph. Under these 
conditions, the derivatized amphetamine and phenethylamine eluted 
as symmetrical peaks with retention times of -4.6 and 4.8 min, respec- 
tively, relative to the injection time. 


Derivatization with Acid Anhydrides-To the amine solutions in 
the reaction vial was added 0.5 ml of the acid anhydride, and the mixture 
was shaken and left a t  room temperature for 1 hr. Then, the vials were 
either dried under nitrogen and redissolved in hexane for chromato- 
graphic analysis or washed with water and ammonium hydroxide as 
follows. For this purpose, the reaction was carried out in glass centrifuge 
tubes. After the reaction, 1 ml of distilled water was added carefully with 
constant mixing, the tubes were shaken for -30 sec, and the water was 
discarded. Then 1 ml of 2 N NH4OH was added, the tubes were shaken 
for 5 min, and the hexane layer was separated and injected into the 
chromatograph. 


Amphetamine Levels in  Biological Tissues-The applicability of 
the method to biological fluids was determined by measuring amphet- 
amine levels in rat serum, brain, and liver after amphetamine adminis- 
tration. The rats were injected intraperitoneally with amphetamine 
sulfate (5 mg/kg) and sacrificed 30 min later. Blood was collected, and 
the serum was separated by centrifugation. The brain and liver were re- 
moved and homogenized in 0.4 N HCl(1:lO w/v). The homogenate was 
centrifuged, and the amphetamine concentration was measured in the 
acidic layer after extraction. 


To 1 ml of the serum and the brain and liver acid extracts was added 
500 ng of benzylamine as the internal standard. The pH was adjusted to 
10 by the addition of 0.1 ml of 5 N NaOH, and the mixture was extracted 
with 1 ml of ethyl acetate. Trifluoroacetic anhydride (0.5 ml) was added 
directly to this extract, and the mixture was left at room temperature for 
1 hr. Then it was dried under a nitrogen stream, redissolved in 1 ml of 
hexane, and injected into the chromatograph. 


RESULTS AND DISCUSSION 


Without derivatization, the phenylalkyl primary amines were eluted 
from the 3% OV-17 column at low temperatures as broad tailing peaks. 
However, after derivatization, the peaks were symmetrical. Figure 1 shows 
a representative chromatogram of six amines when analyzed after de- 
rivatization with trifluoroacetic anhydride. Since the GLC separation 
of free amines generally results in peak tailing due to spurious adsorption 
onto the column, several approaches were used for derivatization of the 


Sigma Chemicals, St. Louis, MO 63178. 
2 Burdick & Jackson Laboratories, Muskegon, MI 49442. 


Regis Chemical Co., Morton Grove, IL 60053. 
Model 5730-A, Hewlett-Packard, Avondale, PA 19311. 
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a 


Figure 1-Representatiue chro- 
matogram showing the separation 
of six phenylalkyl primary amines 
as their trifluoroacyl deriuatiues. 
Key: a ,  a-phenethylamine; b ,  ben- 
zylamine; c ,  amphetamine; d ,  
P-phenethylamine; e ,  p-methyl- 
amphetamine; and f, tyramine. 


= ! k / / * ! o  . 4: : 0 
RETENTION TIME, rnin 


amino groups (13, 14). The isothiocyanate derivatives of phenethylamine 
and amphetamine resulted in symmetrical peaks, whereas that of tyra- 
mine was not eluted. This result was probably due to the presence of the 
underivatized hydroxyl group in tyramine because Narasimhachari and 
Vouros (12) were able to analyze the isothiocyanate derivative of tyramine 
after silylation. 


Acyl derivatives of amines, because of their ease of preparation, have 
been used successfully for GLC analysis. In this study, the trifluoroacetyl 
and heptafluorobutyryl derivatives of phenylalkyl primary amines were 
evaluated for GLC analysis with nitrogen detection. The best results were 
obtained when these amines were derivatized with trifluoroacetic an- 
hydride. All of the primary amines, including tyramine, eluted as sym- 


benzylamine 


a-phenethylamine 


0-phenethylamine 


0-methylphenethylamine 


p 3 3  


amphetamine 


p 3  


P-methylamphetamine 


I 


tyramine 
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Table I-Retention Times and  Detector Response for  Trifluoroacetyl and  Isothiocyanate Derivatives of Phenylalkyl Pr imary Amines 


Retention Time, min Detector Response 
Nanomoles Trifluoroacetyl Isothiocyanate Trifluoroacetyl Isothiocyanate 


Amine Iniected Derivative Derivative Derivative Derivative 


a-Phenethylamine 0.165 
Benzylamine 0.187 
Amphetamine 0.148 
/3-Phenethylamine 0.165 
Tyramine 0.146 


0.80 
0.96 
1.44 
1.60 
4.16 


2.56 
2.56 
4.64 
4.80 


No peak 


96 
32 


212 
88 
40 


34 
17 
31 
60 
- 


metrical peaks under the described conditions. Unlike the isothiocyanate 
derivative, a second reaction was not needed to derivatize the phenolic 
hydroxyl group in tyramine. The stereoisomers of trifluoroacetyl deriv- 
atives of primary amines did not separate under the described conditions 
since d -  and l-amphetamines eluted with the same retention times, as 
did the d -  and l-a-phenethylamines. 


The nitrogen detector response to the trifluoroacetyl derivatives was 
generally better than that to the corresponding isothiocyanate deriva- 
tives. Table I gives the comparison of trifluoroacetyl and isothiocyanate 
derivatives of some primary amines and also shows that the nitrogen 
detector response varied with different compounds and was not related 
to the amount of nitrogen present in the compound. For example, on a 
mole per mole basis, amphetamine has less nitrogen than benzylamine, 
but amphetamine as the trifluoroacetyl derivative had a 6.5 times better 
response than did benzylamine. This differential response probably 
depends on the formation of cyanide radicals after pyrolysis. Although 
the exact mechanism of the nitrogen detector response is not known, it 
was suggested (15) that the organic molecules containing nitrogen are 
pyrolyzed to form cyano radicals, which then remove an electron from 
the atomized alkali metal bead. These cyanide ions then can combine at  
the collector to form hydrogen cyanide, thus generating an output signal. 
Hence, the differential response of nitrogen-containing compounds may 
be due to their characteristics for producing cyanide radicals after py- 
rolysis. 


The linearity of the nitrogen detector response was determined by 
derivatizing various concentrations of amphetamine (0.5-2.0 pg/ml), 
phenethylamine (0.5-2.0 pglml), and tyramine (1-10 pg/ml) in duplicate 
and injecting into the chromatograph. There was a linear response with 
all three primary amines. The regression equations by the least-squares 
method were: amphetamine, y = 1 6 . 8 ~  + 0, r = 0.990; phenethylamine, 
y = 2 7 . 8 ~  - 3.25, r = 0.997; and tyramine, y = 5 . 7 6 ~  + 1.5, r = 0.988. 


The excess derivatizing reagent was removed either by drying under 
nitrogen or by washing as described. When washing was used, the average 
coefficient of variation for amphetamine analysis of duplicate samples 
over the 0.5-2.0-pg/ml range was 4.1%, compared to an average coefficient 


Table 11-Amphetamine Concentrations in  Different Rat 
Tissues 30 min af ter  Intraperitoneal Injection (5 mg/kg) a 


Amphetamine, 
Tissue ng/ml or g SEM 


Serum 512 f81 
Brain 4484 f885 
Liver 5267 f299 


For details, see the procedures. * Three rats. 


of variation of 14.1% when the reacted samples were dried under nitrogen. 
However, the hydroxylated phenylalkyl primary amine (tyramine) peak 
disappeared if the reaction mixture was washed to remove excess triflu- 
oroacetic anhydride. This finding suggests that  N-acyl derivatives are 
more stable than 0-acyl derivatives. This fact could be used to  improve 
the chromatogram and reduce the analysis time by reducing the number 
of peaks if only a quantitation of nonhydroxylated primary amines in 
biological fluids is needed. The variability in the analysis of duplicate 
samples due to the loss during drying could be minimized by using the 
internal standard method. 


The amphetamine concentrations in rat serum, brain, and liver were 
determined (Table 11). Thus, the method can be used to determine the 
phenylalkyl primary amines in biological fluids. However, the extraction 
procedure, specificity, and sensitivity of each compound must be estab- 
lished experimentally for each tissue. 
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(1972). 


tography,” Heydon, Philadelphia, Pa., 1978, pp. 104-151. 


ACKNOWLEDGMENTS 


Supported in part by the Foundations’ Fund for Research in Psychiatry 


The authors thank Ms. Evelyn Kingston for excellent technical as- 
NO. 77-610. 


sistance. 


Journal of Pharmaceutical Sciences I 815 
Vol. 70, No. 7, July 1981 








3. student could not adequately adjust a patient’s phenytoin dose. Since 
the authors have been involved in pioneering work in this field, it may 
be that such material will be included in an upcoming text to which they 
allude. However, in this reviewer’s opinion, a more detailed treatment 
of nonlinear kinetics would have been useful. 


Another significant defect of this text is that  i t  is difficult to identify 
the primary source for some textual material. The source of the data 
contained in the tahles and figures is identified. However, it is generally 
not possible to identify the source of information within the body of the 
text. 


This book is well written and should be considered as a standard text 
for introductory courses in Pharmacy Baccalaureate and Doctor of 
Pharmacy programs and for freshman graduate courses in pharmaceutics 
and pharmacology. 


Reviewed by David Lalka 
Department of Pharmaceutics 
School of Pharmacy 
State University of New York at 


Buffalo Amherst ,  N Y  14260 


Second Supplement to USP XX and NF XV. Drug Standards Division, 
United States Pharmacopeial Convention, 126M Twinbrook Parkway, 
Rockville, MD 20852. 245 pp. 20 X 29 cm. Price $8.00. 
The Second Supplement is cumulative with the first one and contains 


changes that constitute revisions in the USP XX and N F  XV effective 
May 1,1981. Additions and deletions in the USP XX official monographs 
comprise the largest section, totaling 133 pages, whereas those in the 
General Requirements for Tests and Assays section are contained in 12  
pages. Under General Information are selected portions of the regulations 
promulgated under the Controlled Substances Act and portions of the 
Poison Packaging Act and Regulations, of interest t o  students and 
practitioners in pharmacy and medicine. Changes in the official NF XV 
monographs comprise almost 20 pages and are followed by an appendix 
containing excerpts from federal regulations on antibiotics and an index 
to this supplement. 


Staff R e v i m  


Solid Pharmaceutics: Mechanical Properties and Rate Phenomena. 
By JENS THUR0 CARSTENSEN. Academic, 111 Fifth Ave., New 
York, NY 10003.1980.259 pp. 15 X 23 cm. Price $35.00. 
This brief book, written in terse mathematical style, is an ambitious 


attempt to consolidate the more important research in the field of solid 
pharmaceutics. The first chapter contains an introduction to the char- 
acteristics of single-component systems, with emphasis on the properties 
of crystals. Chapter 2 deals with particulate solids and their dimensions 
and properties. Chapter 3 extends this treatment to two-component 
systems and includes such topics as blending and the effect of moisture 
on solids. The next two chapters are devoted to successive stages in the 


manufacture of tablets: precompression operations, including wet 
granulation, dry milling, tablet formulation, and lubrication, followed 
by compression and hardness testing. The book concludes with a section 
on the physical properties of solid dosage forms, particularly the disso- 
lution of tablets and capsules and their chemical stability 


Solid pharmaceutics is perhaps the area in which the catholicity of the 
pharmaceutical sciences is most in evidence. In his scholarly treatment 
of the subject, Carstensen draws heavily on the literature of powder 
technology, crystallography, chemical engineering, polymer science, and 
metallurgy. Yet he does not hesitate to offer his own views on contro- 
versial subjects. In discussing the upward curvature observed in Hix- 
son-Crowell plots of the cube root of mass uersus time, he suggests that  
deviations from straight-line behavior can be attributed to the lack of 
isometry of most real particles. He then proceeds to show how one c a ~  
introduce a shape factor to correct for this deviation. In discussing angle 
of repose, he points out that  the equations usually employed predict that 
as the particle diameter becomes smaller, the angle of repose approaches 
an infinite value rather than the value most consistent with the physical 
model, 90’. T o  remedy this, the cohesional and frictional coefficients are 
expressed in terms of trial functions with proper boundary conditions 
and an equation is obtained based on the force diagram for a powder 
heap. 


Particularly lucid is his treatment of Prout-Tompkins kinetics of 
solid-state decomposition. Carstensen also shows how the boundary 
conditions of the Prout-Tompkins model can be modified to treat data 
that follow first-order kinetics. 


Where appropriate, the text is augmented with solved quantitative 
examples, copious tables of empirical data, and more than 100 beautifully 
drawn, uncluttered, line figures. Those familiar with Carstensen’s earlier 
treatments of this subject, “Pharmaceutics of Solids and Solid Dosage 
Forms” and “Theory of Pharmaceutical Systems,” will see some of the 
same figures and numerical examples in the present volume, but repe- 
tition has been kept to a minimum. The problems are relatively easy and 
are mainly computational exercises. 


One may make some minor criticisms of the hook, especially with re- 
gard to topics such as lyophilization and spray drying, which are given 
short shrift. Symbols often are introduced without definition, and un- 
conventional symbols are substituted unnecessarily for more familiar 
ones. For example, in the Rragg equation, RJ rather than d is used for 
interplanar spacing. The Greek letter 8 is used for time. More confusing, 
F is used for the Helmholtz energy rather than A. Formerly, of course, 
F was used in texthooks for the Gibbs free energy. There are a few errors. 
An exponent has been omitted in the Shotten-Hersey equation (V-3-24a). 
In the plot of water vapor pressure uersus moles of water, one plateau for 
sodium phosphate is mislabeled (Fig. 111-15). But these are minor points 
and in no way detract from my opinion that the author has treated a 
comprehensive set of difficult problems with excellent conceptual orga- 
nization and clarity. 


Pharmaceutical development scientists and graduate students who 
require a quantitative understanding of the operations related to  the 
manufacture of solid dosage forms will find this slender volume very 
useful. It is not for casual reading, and the nonspecialist who wants a 
broad overview of the field will have to find it elsewhere. 


Retiiewed by J. Keith Guillory 
College of Pharmacy 
llniuersity of Iowa 
IOWQ City,  I A  52242 
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Correlation of Water Solubility with 
Octanol-Water Partition Coefficient 


Keyphrases Solubility-water, correlation with octanol-water par- 
tition coefficient Partition coefficient-octanol-water, correlation with 
water solubility Melting-point effect-correlation between water 
solubility and octanol-water partition coefficient 


To the Editor: 
Yalkowsky and Valvani (1) made a valuable analysis of 


the melting-point effect on the solubility of solid com- 
pounds and discussed the correlation between water sol- 
ubility ( S )  and the octanol-water partition coefficient (P). 
Regression equations between log S and log P were con- 
structed using log P values calculated primarily from 
molecular fragment constants developed by Nys and 
Rekker (2). 


We have found several points relevant to the Yalkow- 
sky-Valvani analysis (1). First, part of their conclusions 
for a particular class of compounds was based on a linear 
regression between the values of log Sobs and log Pestim 
obtained from the correlation equation for that class of 
compounds. Regression of this kind must, in principle, 
yield log Sobs = 1.0 log Sestim with an intercept equal to 0.0. 
The correlation coefficient will then be a measure of how 


for the compounds in Table VI, i.e., log S = -0.9874 log P 
- O.O095(MP) + 0.7178, the estimated S values then de- 
viate appreciably from the experimental data. 


It is understood that log P values calculated by various 
fragment approaches are only as accurate as the values 
used to define each fragment. At this time, the rules to 
calculate log P values are empirically derived. This ap- 
proach has led to numerous correction factors for such 
things as branching, flexibility, chain length, bond un- 
saturation, and substituent polarity. In general, the frag- 
ment approach works reasonably well for simple low mo- 
lecular weight molecules. It tends to be less accurate for 
more complex molecules. 


Third, Yalkowsky and Valvani assumed that the effect 
of octanol-water mutual saturation on the partition 
coefficient was small and thus ignored it in their treatment. 
Banerjee et al. (3) also reported no observable effect of 
octanol-water mutual saturation. Although this effect is 
expected to be small for compounds with relatively high 
solubilities in both octanol and water, it  becomes signifi- 
cant for solutes with limited solubilities. Consequently, it 
would be a factor in the correlation of log S versus log P at 
the low S (high P )  region. 


The significance of octanol-water mutual saturation 
may be evaluated by comparing experimental P values 
with those calculated from solute solubilties in octanol and 
water for some high melting solid compounds. Because of 
the high melting-point effect, solids have limited solubil- 
ities in both solvents and their partition coefficients can 
be determined directly from the ratios of solute solubilties 
in the two solvents. Note that at  low (mole fraction) con- 
centrations, solute activity coefficients are essentially 
constant and the log P of a solute would be practically 
constant at  all concentrations. 


We selected p,p'-dichlorodiphenyltrichloroethane (I)1, 
hexachlorobenzene (11)2, and anthracene (111) for illus- 
tration. The experimental and estimated octanol-water 
partition coefficients and the determined solubilities in 
water, octanol, and water-saturated octanol for these 


Table I-Solubilities and Octanol-Water Partition Coefficients of I, 11, and I11 


Compound Melting Point S,  (pgfliter) S, (ghiter) Solw (gfliter) log S,IS, log Pexp log Pest* 


I 108.5' 5.5 (25')C 41.5 (24') 31.9 (24') 6.88 6.36 - 
5.0 (20") 


I1 230' 5.0 (251')~ 3.53 (23') 2.65 (23') 5.85 5.50 6.53 
I11 216' 45 (25°)d 2.44 (23') 2.22 (23') 4.73 4.45e 4.63 


0 Key: S,, solubility in water; So, solubility in octanol; So/,, solubility in water-saturated octanol; and P,,,, experimental octanol-water partition coefficient. * Estimated 
Reference 6. values from fragment constants given in Ref. 1. Reference 7. d Reference 8. 


well log Sobs fits log Sestim. For reasons unspecified, this 
condition was not met in their Eqs. 32-36. 


Second, the calculated values of log P for some low sol- 
ubility compounds are highly imprecise. For instance, the 
values of log P, 5.05, 5.79, and 6.53, estimated for 
1,2,3,5-tetra-, penta-, and hexachlorobenzene, respectively, 
in their Table VI, are considerably greater than the cor- 
responding experimental values of 4.46 (3), 4.94 (3), and 
5.50 (4). It is surprising that the molar solubilities (log S )  
predicted from these calculated log P values and the solute 
melting points (MP) fall into close agreement with the 
experimental log S. If experimental log P values are en- 
tered into the correlation derived by Yalkowsky et al. (5) 


compounds are given in Table I. If it is assumed that mu- 
tual saturation has no effect on solute partitioning, the 
partition coefficients should be equal to the ratios of solute 
solubilties in pure octanol and water (So/Sw); i.e., log P = 
6.88 for I, 5.85 for 11, and 4.73 for 111. These calculated P 
values are larger than the experimental values by factors 
of 3.3,2.2, and 1.9 for I, 11, and 111, respectively. The dif- 
ference between experimental and calculated P values 
results presumably from an alteration of the solute solu- 
bilities in the two solvents due to their mutual saturation. 


1 Commonly referred to as DDT. 
Commonly referred to as HCB. 
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Water (2.3 M) dissolved in octanol(6) reduces solute sol- 
ubility in octanol, while octanol(4.5 X lO-3M) in water (9) 
enhances solute solubility in water. To support this point, 
the solubilities of these three compounds in water-satu- 
rated octanol are shown to be reduced by -10-30% because 
of water saturation. These results suggest that octanol in 
water promotes water solubility by -75% for 111,70% for 
11, and 150% for I. 


Based on these findings, the use of experimental parti- 
tion coefficients probably would improve the reliability of 
the log S-log P correlation a t  the high P region. 
(1) S. H. Yalkowsky and S. C. Valvani, J .  Pharrn. Sci., 69, 912 
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Correlation of Water Solubility with 
Octanol-Water Partition Coefficient: 
A Response 


Keyphrases 0 Solubility-water, correlation with octanol-water par- 
tition coefficient, response n Partition coefficient-octanol-water, 
correlation with water solubility, response Melting-point effect- 
correlation between water solubility and octanol-water partition coef- 
ficient, response 


To the Editor: 
The preceding paper (1) raised three concerns about our 


recent paper (2) which we shall now attempt to alle- 
viate. 


The first concern of Chiou et al. (1)  is that Eqs. 32-36 
of Ref. 2 do not have slopes of unity and intercepts of zero. 
The reason for this apparent discrepancy was mentioned 


Table I-Aqueous Molar Solubility (S,) and Octanol-Water 
Partition Coefficients (PC)  of Tetra-, Penta-, and 
Hexachlorobenzenes 


log s, 
Experi- Pre- 


Melting mental Ob- dicted 
Compound point logPC serveda bvEq. 2 


1,2,3,5-Tetrachlorobenzene 54O 4.46* -4.79 -4.46 
Pentachlorobenzene 86’ 4.94‘ -5.65 -5.35 
Hexachlorobenzene 230’ 5.5OC -7.76 -7.67 


(I Reference 2. * Reference 3. Reference 1. 


briefly in the paragraph preceding Eq. 37 of Ref. 2 but will 
be discussed more completely here. 


Equation 30 of Ref. 2 was developed on the basis of the 
theoretical relationships between solubility, partition 
coefficient, melting point, and entropy of fusion. Solubility 
data for five classes of compounds were compared to the 
predictions based on: 


log S,  z -log PC - 0.01MP + 1.05 (Eq. 1) 


Only if this theoretical equation perfectly predicted all of 
the solubilities would the slope be unity and the intercept 
zero. 


In most cases, the slopes were not significantly different 
from unity; however, the intercepts tended to be slightly 
negative rather than zero. This trend shows a systematic 
overestimation of solubility by a factor of -3. This finding 
indicated that while the theoretical equation was not 
perfect, it did provide a basis for assessing the role of the 
partition coefficient and the melting point in controlling 
aqueous solubility. 


Each of the five classes of compounds represents a fairly 
small data set (in most cases covering only a few orders of 
magnitude in solubility). The slopes and intercepts are 
thus more subject to errors in the log S, measurements 
and/or the log PC estimation than is the whole data set, 
which covers almost nine orders of magnitude. The em- 
pirical equation for rigid molecules (Eq. 39 of Ref. 2) is: 


log S,  = -1.05 log PC - 0.012MP + 0.87 (Eq. 2) 


When Eq. 2 is used to estimate solubilities, it gives a 
slope and intercept of unity and zero, respectively. This 
final equation rather than the ones based on the smaller 
data sets should be used to estimate aqueous solubili- 
ties. 


Second, Chiou et  al. (1) point out that log PC calcula- 
tions tend to be imprecise for low solubility compounds 
and seem surprised that the calculated values work better 
for estimating aqueous solubility than their own experi- 
mentally determined values. The reason for this situation 
is again statistical. For the reasons already described, it is 
best to use Eq. 2 to estimate solubility. When this is done, 
the experimental log PC values of Chiou et al. (1) will yield 
calculated solubilities that are in excellent agreement with 
the observed values as shown in Table I. 


The regression equations were obtained by correlating 
aqueous solubility with melting points and calculated 
values of log PC. If experimental log PC values were 
available, the regression coefficient of log PC as well as the 
intercept probably would be somewhat altered. Thus, 
systematic errors in estimating log PC are compensated 
for by the choice of the coefficient of log PC. 
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Behavioral and Neurochemical Interactions of 
Dextroamphetamine and Methylphenidate in Rats 
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Abstract  The effects of dextroamphetamine and methylphenidate 
on locomotor activity and brain levels of norepinephrine and dopamine 
were compared in male Sprague-Dawley rats. Both drugs produced a 
dose-related increase in locomotor activity during the hour immediately 
following intraperitoneal administration. However, combined adminis- 
tration of the drugs elicited only the effect of dextroamphetamine. Brain 
levels of norepinephrine and dopamine also increased 1 hr after dex- 
troamphetamine dosing. Methylphenidate did not exhibit these effects 
and antagonized the neurochemical changes produced by dextroam- 
phetamine. Although both drugs are considered to exert their effects by 
indirect activation of brain catecholamine systems, differences in their 
mechanism of action appear to result in a lack of additive or antagonistic 
effects when dextroamphetamine and methylphenidate are coadmin- 
istered. These findings may have clinical significance with respect to the 
use of such agents in minimal brain dysfunction. 


Keyphrases 0 Stimulants-dextroamphetamine and methylphenidate, 
effects on behavior and neurochemistry, rats 0 Dextroamphetamine- 
effects on behavior and neurochemistry, rats, coadministration with 
methylphenidate 0 Methylphenidate-effects on behavior and neuro- 
chemistry, rats, coadministration with dextroamphetamine 0 CNS 
agents-dextroamphetamine and methylphenidate, effects on behavior 
and neurochemistry, rats 


Both dextroamphetamine and methylphenidate have 
been employed successfully in the treatment of hyperki- 
nesis or minimal brain dysfunction (1,Z). In experimental 
animals, these drugs exhibit the characteristic actions of 
central nervous system (CNS) stimulants by producing 
dose-dependent increases in locomotor activity and ste- 
reotyped behaviors (3,4). Both the clinical and behavioral 
stimulant actions of these agents have been attributed to 
activation of brain catecholamine systems (5 ,6 ) .  However, 
the mechanisms by which these drugs enhance brain cat- 
echolamine activity apparently are different. 


BACKGROUND 


Reserpine, which depletes catecholamines by interfering with presy- 
naptic granular storage, antagonizes the stimulant effects of methyl- 
phenidate but not those of dextroamphetamine (7). a-Methyl-p-tyrosine, 
an inhibitor of catecholamine synthesis, antagonizes the effects of dex- 
troamphetamine but leaves the actions of methylphenidate relatively 
intact (8). These findings led to the proposal that  methylphenidate fa- 
cilitates the impulse-mediated release of catecholamines from reser- 
pine-sensitive granular storage pools whereas dextroamphetamine acts 
primarily by increasing the release of a reserpine-resistant pool of newly 
synthesized cytoplasmic amines. Other investigators (9, 10) suggested 
that methylphenidate acts by blocking the presynaptic uptake of cate- 
cholamines released by nerve activity and that dextroamphetamine acts 
primarily by enhancing catecholamine release in the absence of neuronal 
stimulation. 


Since both drugs are individually effective in ameliorating hyperkinetic 
symptoms, produce similar behavioral effects in animals, and indirectly 
activate brain catecholamine systems by different mechanisms, it was 
felt that coadministration of these agents might potentiate their separate 
effects and have possible clinical significance. This hypothesis was tested 
by evaluating the effects of moderate doses of dextroamphetamine and 
methylphenidate, individually and in combination, on the locomotor 
activity and brain catecholamine content of rats. The dose levels of both 
drugs were shown to have submaximal effects (3,11,12) and, thus, per- 


mitted the appearance of behavioral or neurochemical changes in either 
direction upon combination. 


EXPERIMENTAL 


Animals-Sprague-Dawley male albino rats1 were 20 days old when 
received and were adapted to the laboratory and daily handling for 7 days. 
For an additional 15 days, they were adapted to the apparatus and han- 
dling and injection procedures (13). Food and water were available at all 
times, and a 12-hr light-dark cycle was maintained. 


Apparatus-The rats were housed in clear plastic mouse-breeding 
cages (45 X 24 X 25 cm) with a hardware cloth cover during activity 
measurements. Each plastic container was housed in a separate sound- 
treated cubicle, open at one end; it was 85 X 56 X 56 cm and individually 
lighted with a 20-w fluorescent bulb mounted 29 cm above the floor of 
the activity chamber. Twelve such cubicles were housed in a sound- 
treated room. 


A single IR light beam bisected the length of each plastic container -2 
cm above the floor and fell upon a photocell. An IR filter covered the 
photocell, making it insensitive to ambient illumination. When the 
subjects broke the beam in their chambers, counts were recorded on in- 
dividual counters in a separate room. 


Procedure-Two dose levels of methylphenidate hydrochloride (1.6 
and 3.2 mg/kg) and dextroamphetamine sulfate (0.4 and 0.8 mg/kg) and 
a combination of dextroamphetamine sulfate (0.4 mg/kg) and of meth- 
ylphenidate hydrochloride (1.6 mg/kg) were studied. Placebo injections 
of the drug vehicle (bacteriostatic water) were included to give a total of 
six experimental conditions. All injections were administered intra- 
peritoneally in an equal volume (1 ml/kg) 5-10 min before the subjects 
were placed in the activity measurement apparatus. When placed in the 
cubicle, all equipment was turned on and 5 min was allowed for adapta- 
tion. Activity measures were obtained for the next 60 min. Activity scores 
were transformed by a =transformation, as recommended for fre- 
quency scores (14). 


Six separate orders of daily drug administrations were utilized, pro- 
ducing a 6 X 6 Latin square with two subjects within each order. All 
subjects were run through their orders three times. The first replication 
was for adaptation to the drug injections, and only scores from the last 
two replications were compared and evaluated by analysis of variance 
and Duncan’s multiple range test (14). 


Age-matched rats subjected to adaptation and handling procedures 
identical to those already described (13) were used for brain catechol- 
amine analysis. Groups of animals (eight to 10 rats/group) received the 
same drug treatments utilized in the locomotor activity study and were 
sacrificed 30 min after intraperitoneal injection. Whole brains were re- 
moved rapidly, rinsed with tap water, and homogenized2 in 12 ml of cold 
0.4 N HC104. Homogenates were centrifuged at  30,ooOXg for 30 min, and 
the supernate was frozen immediately and stored for 1-2 days prior to 
chemical assay. Norepinephrine and dopamine were assayed by the flu- 
orometric methods of Anton and Sayre (15) and Carlsson and Waldeck 
(16), respectively. Catecholamine concentrations were expressed as 
nanograms per gram of brain (wet weight) and were compared across 
treatments by analysis of variance and Duncan’s multiple range test 
(14). 


RESULTS AND DISCUSSION 


The locomotor activity data are presented in Fig. 1. Analysis of variance 
revealed that the difference between replications was not significant 
[F( l , l l )  = 3.94, p > 0.051, nor was the interaction between drug condi- 
tions and replications [F(5,55) = 1.25, p > 0.051. The activity levels ob- 
served under the drug conditions, however, did differ significantly 


Southern Animal Farms, Prattville, Ala. 
Brinkmann Polytron homogenizer PT10-35. 


816 I Journal of Pharmaceutical Sciences 
Vol. 70, No. 7, July 1981 


0022-35491 8 11 0700-08 16$0 1.OOlO 
@ 198 1, American Pharmaceutical Association 







i a  


PLACEBO 1.6MP 3 .2MP 


0 . M - A  


DOSE, mqlkq 
Figure 1-Effects of dextroamphetamine (d-A), methylphenidate 
(MP), and their combination on square root-transformed locomotor 
activity scores in the rat. 


[F(5,55) = 55.82, p < 0.011. Further analysis of the differences among drug 
treatments using the multiple range test (a = 0.01) indicated that the 
placebo condition produced the lowest amount of locomotor activity and 
that the low dose of methylphenidate produced a significant increase. 
Administration of 0.4 mg of dextroamphetamine/kg, 3.2 mg of methyl- 
phenidate/kg, and the combined dose of 0.4 mg of dextroamphetaminekg 
and 1.6 mg of methylphenidatdkg produced increases in locomotor ac- 
tivity that were significantly greater than the lower dose of methyl- 
phenidate, but the effects of these treatments did not differ significantly 
among themselves. The highest dose of dextroamphetamine produced 
a higher level of activity than the other drug conditions. 


Thus, both drugs produced dose-related increases in locomotor activity 
and, as demonstrated previously (3), dextroamphetamine was more po- 
tent than methylphenidate. However, the drug combination was no more 
effective than dextroamphetamine alone. Intermediate dose levels of both 
drugs (3) were chosen so that  changes in activity in either direction, as 
a consequence of the drug combination, could be detected. Since the 
higher dose of dextroamphetamine produced a greater increase in activity 
than the other treatments, the effects of the dextroamphetamine- 
methylphenidate combination were not limited by an activity ceiling. 
Also, since both the placebo and low dose of methylphenidate produced 
less activity than the drug combination, the results were not limited in 
the opposite direction. With these doses, methylphenidate neither en- 
hanced nor suppressed the effects of dextroamphetamine on locomotor 
activity. 


The effects of the various drug treatments on brain catecholamine 
levels are presented in Table I. Analysis of variance revealed significant 
differences among treatments on the brain levels of both norepinephrine 
[F(5,51) = 5.14, p < 0.011 and dopamine [F(5,46) = 12.53, p < 0.011. 
Further analysis of these differences (Duncan's multiple range test; a 
= 0.05) indicated that both doses of dextroamphetamine produced sig- 
nificant increases in brain dopamine, although the effects of these 
treatments were not different from each other. Brain dopamine levels 
following either methylphenidate or the dextroamphetamine-methyl- 


Table I-Effects of Dextroamphetamine, Methylphenidate, and  
Their Combination on R a t  Brain Catecholamines 


Dopamine Norepinephrine 
Treatment Nanograms Percent Nanograms Percent 


(Dose, mg/kg) per Gram" Placebo per Grama Placebo 


Placebo 7 6 0 f  14 - 2 8 7 f  10 - 
Dextroamphetamine (0.4) 894 f 23b 118; 325 f 12' 113e 
Dextroamphetamine (0.8) 924 f 2gb 122 320 f 12d l l ld 
Methylphenidate (1.6) 771 f 13 101 287 f 10 100 
Methylphenidate (3.2) 788 f 24 104 257 f 13 90 
Dextroamphetamine (0.4) 769 f 19 101 272 f 13 95 + methvlphenidate (1.6) 


Data expressed as mean f SEM of eight to 10 animals/group. p < 0.01 uersus 
placebo. p < 0.05 uersus placebo. p < 0.10 uersus placebo. 


phenidate combination were not significantly different from those ob- 
served in the placebo-treated animals. Similar findings were obtained 
with respect to brain norepinephrine. The increase produced by 0.8 mg 
of dextroamphetamine/kg did not quite achieve statistical significance 
(0.05 < p < 0.10). However, the 0.4-mg/kg dose significantly increased 
brain norepinephrine, and the effects of the two amphetamine doses did 
not differ from each other. Once again, the effects of all other treatments 
were not significantly different from those of the placebo. 


Thus, with respect to these neurochemical measures, not only were the 
effects of dextroamphetamine not enhanced by methylphenidate, they 
were significantly antagonized. The effects of amphetamine on brain 
catecholamine systems are complex. However, in agreement with the 
present findings, most previous reports indicated that low amphetamine 
doses capable of increasing locomotor activity produced increases in brain 
norepinephrine and dopamine while higher doses tended to cause a de- 
pletion (11, 12). In contrast, doses of methylphenidate that produced 
comparable increases in locomotor activity had no effect on brain cate- 
cholamines, indicating a difference in the mechanism of action of these 
two drugs. The doses of amphetamine employed could increase brain 
catecholamine levels by stimulating synthesis, inhibiting metabolism, 
or decreasing neuronal firing. The ability of amphetamine to inhibit 
monoamine oxidase has been demonstrated in uitro; however, rather large 
concentrations were required, and enzyme inhibition was difficult to 
observe following in uiuo drug administration (17). Impulse flow in cat- 
echolamine neurons is inhibited by amphetamine (IS), but this action 
also is produced by several other drugs, including methylphenidate, that 
have no appreciable effect on brain catecholamine levels (8). 


Thus, the most plausible explanation for increases in brain catechol- 
amines following amphetamine appears to be synthesis enhancement. 
The increased release elicited by amphetamine of newly synthesized 
catecholamines from nongranular cytoplasmic pools could reduce end- 
product inhibition of cytoplasmic tyrosine hydroxylase in presynaptic 
neurons (19). This would result in the increased formation and, hence, 
elevated levels of brain catecholamines observed in the present study. 
The greater release produced by larger amphetamine doses could exceed 
the synthetic capacity of the affected neurons, resulting in the net cate- 
cholamine depletion observed previously (11,12). 


The observed antagonism of amphetamine-induced increases in brain 
catecholamines by methylphenidate could be explained similarly. By 
facilitating the efflux of catecholamines from granular storage, methyl- 
phenidate would provide a source of replacement for the amines released 
from cytoplasmic pools by amphetamine such that synthesis could not 
be activated by a reduced catecholamine level in the cytoplasmic com- 
partment. Behaviorally, this would not prevent stimulant effects due to 
the release of newly synthesized catecholamines by amphetamine but 
could prevent an additive action by methylphenidate since the amines 
displaced from the granules might replenish the cytoplasmic pool rather 
than act as a source for the activation of postsynaptic events. 


Although amphetamine and methylphenidate individually exert be- 
havioral stimulant effects and enhance the activity of brain catecholamine 
systems, differences in their mechanism of action can prevent additive 
or potentiating effects when these drugs are coadministered. These 
findings suggest that  a therapeutic advantage may not be gained by 
combining amphetamine and methylphenidate in the treatment of hy- 
perkinetic disorders. 


REFERENCES 


(1) J. M. Krager and D. J. Safer, N .  Engl. J. Med., 291, 1118 
(1974). 


Journal of Pharmaceutical Sciences 1 817 
Vol. 70, No. 7, July 1981 







(2) G. Weiss and L. Hechtman, Science, 205,1348 (1979). 
(3) W. M. Kallman and W. Isaac, Psychopharmacology, 40, 313 


(4) R. Pechnick, D. S. Janowsky, and L. Judd, ibid., 65, 311 


(5) P. H. Wender, J .  Neru. Ment. Dis., 155,55 (1972). 
(6) S. H. Snyder and J .  L. Meyerhoff, Ann. N. Y. Acad. Sci., 205,310 


(7) J. Scheel-Kruger, Eur. J .  Pharmacol., 14.47 (1971). 
(8) C. Braestrup, J .  Pharm. Pharmacol., 29,463 (1977). 
(9) S. B. Ross, ibid., 30,253 (1978). 


(1975). 


(1979). 


(1973). 


(10) P. Hunt, J. P. Raynaud, M. Leven, and U. Schacht, Biochem. 
Pharmacol., 28,2011 (1979). 
(11) C. B. Smith, J.  Pharmacol. Exp. Ther., 147,96 (1965). 
(12) B. E. Leonard and S. A. Shallice, Br. J .  Pharmacol., 41, 198 


(1971). 


(1977). 


Holt, Rinehart and Winston, New York, N.Y., 1972. 


(1962). 


(1958). 


(1976). 


J .  Pharmacol. Exp. Ther., 185,561 (1973). 


(1971). 


(13) W. L. Isaac and W. Isaac, Pharmacol. Biochem. Behau., 6,235 


(14) A. L. Edwards, “Experimental Design in Psychological Research,” 


(15) A. H. Anton and D. F. Sayre, J.  Pharmacol. Exp. Ther., 138,360 


(16) A. Carlsson and B. Waldeck, Acta Physiol. Scand., 44, 293 


(17) J. C. Holmes and C. 0. Rutledge, Biochem. Pharmacol., 25,447 


(18) B. S. Bunney, J. R. Walters, R. H. Roth, and G. K. Aghajanian, 


(19) J. C. Waymire, R. Bjur, and N. Weiner, Anal. Biochem., 43,588 


Plasma Protein Binding of Zomepirac Sodium 


PATRICK J. O’NEILL 
Received July 14,1980, from the Department of Drug Metabolism, McNeil Pharmaceutical, Spring House, PA 19477. 
publication December 19,1980. 


Accepted for 


Abstract 0 The plasma protein binding of zomepirac, a new nonnarcotic 
analgesic, was studied using equilibrium dialysis. Experiments were 
performed using human plasma and plasma from mice, rats, and rhesus 
monkeys, all species of pharmacological or toxicological interest. At 
concentrations approximating those achieved in uiuo, the binding was 
fairly constant a t  98-99% in all species except the rhesus monkey, where 
binding was decreased from 98 to -96% a t  higher concentrations (>50 
pglml). Zomepirac (10 pg/ml) did not appear to displace or to be displaced 
by warfarin (10 pg/ml) in human plasma. However, salicylate (5-200 
pg/ml) caused a concentration-dependent decrease in zomepirac (10 
pg/ml) binding. Zomepirac did not affect salicylate binding. 


Keyphrases Zomepirac sodium-plasma protein binding studies in 
plasma from humans, rats, mice, and rhesus monkeys, interaction studies 
with warfarin and salicylic acid Plasma protein binding-zomepirac 
sodium in plasma from humans, rats, mice, and rhesus monkeys 
Warfarin-interaction studies with zomepirac sodium, effect on plasma 
protein binding Salicylic acid-interaction studies with zomepirac 
sodium, effect on plasma protein binding 0 Analgesics, nonnarcotic- 
zomepirac sodium, plasma protein binding studies in humans, rats, mice, 
and rhesus monkeys, interaction studies with warfarin and salicylic 
acid 


Plasma protein binding of drugs is an important factor 
in drug disposition (1-3). This report describes the inter- 
action of zomepirac sodium, a new nonnarcotic analgesic 
agent (4-6), with plasma proteins from several species. 
Some preliminary binding interaction studies in human 
plasma are also reported. 


EXPERIMENTAL 


Materials-Zomepirac sodium [sodium 5-(4-chlorobenzoyl)-1,4- 
dimethyl-1H-pyrrole-2-acetate dihydrate] was labeled with carbon 14 
at a specific activity of 10.18 pCi/mg‘. The drug was 96-98% radio- 
chemically pure by TLC a t  the time of use. [14C]Salicylic acid2 and 
[14C]warfarin2 were used a t  specific activities of 421 and 164 pCi/mg, 
respectively. Both drugs were 99% radiochemically pure by TLC. 


Heparinized plasma was harvested from blood collected from Wistar 
rats3, CD-1 Swiss mice3, and rhesus monkeys4. Citrated human plasma 
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was purchased locally. Sorensen’s buffer (0.067 M phosphate, pH 7.4) 
was prepared by dissolving 1.72 g of monobasic potassium phosphate and 
7.70 g of dibasic sodium phosphate in 1 liter of distilled water. 


Methods-Binding experiments were performed on an equilibrium 
dialysis system5. Regenerated cellulose dialysis membranes (mol. wt. 
cutoff of 5000) were prepared by three rinses in distilled water and three 
rinses in buffer. The membranes were placed between two-piece polytef 
dialysis cells (1-ml volume per side) mounted in a spring-loaded rack, and 
each half-cell was filled. One side of the cell was filled with plasma, and 
the other side was filled with the drug in buffer. 


The cells were rotated a t  12 rpm for 2 hr a t  room temperature, and then 
the half-cells were emptied and assayed for total carbon 14 as a measure 
of zomepirac. These dialysis conditions were selected since preliminary 
experiments in the absence of plasma (Le., zomepirac dialyzed against 
buffer) showed that equilibrium was reached in 2 hr and that plasma 
binding was not different a t  room temperature or 37”. Furthermore, TLC 
analysis of selected samples showed that no degradation of zomepirac 
occurred under these conditions. 


Interaction St~dies-[’~C]Zomepirac was dialyzed against undiluted 
rat, mouse, monkey, and human plasma at concentrations ranging from 
0.1 to 250 pg/ml, depending on the species. These concentrations were 
in the ranges of those observed after pharmacological doses of zomepirac 
sodium (7-10). 


T o  assess the potential for displacement of zomepirac by other agents, 
experiments were performed with warfarin6 and salicylic acid7 using 
human plasma. The [14C]zomepirac concentration was 10 pg/ml. War- 
farin was tested a t  10 pg/ml, and salicylic acid was tested from 5 to 200 
pg/ml. When the effect of zomepirac on the binding of these agents was 
evaluated, a tracer of [‘4C)warfarin (-10,000 dpm/ml, 0.03 pg/ml) or 
salicylate (-10,000 dpmlml, 0.01 pg/ml) was added, and nonradioactive 
zomepirac was used. 


Sample Analysis-Total radioactivity was determined by adding 
aliquots of both plasma and buffer solutions (after dialysis) to 10 ml of 
scintillation cocktails. Samples were counted in a refrigerated liquid 
scintillation spectrometer and were corrected for quenching using the 
external standard method. 


Selected samples were analyzed for drug decomposition during dialysis. 
Zomepirac was assayed by applying aIiquots of the postdialysis plasma 
and buffer samples to silica gel TLC plates9 developed in chloroform- 
methanol-acetic acid (94:5:1 v/v/v). Analysis was by either segmentation 
and liquid scintillation counting or radioscan. No decomposition was 
observed. 


5 Dianorm, Diachema Ag., Ruschlikon, Switzerland. 
6 Endo Laboratories, Garden City, N.Y. 
7 J. T. Baker Chemical Co., Phillipsburg, N.J. 
8 Biofluor, New England Nuclear, Boston, Mass. 
9 GF 254 (250 pm), Analtech, Newark, Del. 
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Water (2.3 M) dissolved in octanol(6) reduces solute sol- 
ubility in octanol, while octanol(4.5 X lO-3M) in water (9) 
enhances solute solubility in water. To support this point, 
the solubilities of these three compounds in water-satu- 
rated octanol are shown to be reduced by -10-30% because 
of water saturation. These results suggest that octanol in 
water promotes water solubility by -75% for 111,70% for 
11, and 150% for I. 


Based on these findings, the use of experimental parti- 
tion coefficients probably would improve the reliability of 
the log S-log P correlation a t  the high P region. 
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Correlation of Water Solubility with 
Octanol-Water Partition Coefficient: 
A Response 


Keyphrases 0 Solubility-water, correlation with octanol-water par- 
tition coefficient, response n Partition coefficient-octanol-water, 
correlation with water solubility, response Melting-point effect- 
correlation between water solubility and octanol-water partition coef- 
ficient, response 


To the Editor: 
The preceding paper (1) raised three concerns about our 


recent paper (2) which we shall now attempt to alle- 
viate. 


The first concern of Chiou et al. (1)  is that Eqs. 32-36 
of Ref. 2 do not have slopes of unity and intercepts of zero. 
The reason for this apparent discrepancy was mentioned 


Table I-Aqueous Molar Solubility (S,) and Octanol-Water 
Partition Coefficients (PC)  of Tetra-, Penta-, and 
Hexachlorobenzenes 


log s, 
Experi- Pre- 


Melting mental Ob- dicted 
Compound point logPC serveda bvEq. 2 


1,2,3,5-Tetrachlorobenzene 54O 4.46* -4.79 -4.46 
Pentachlorobenzene 86’ 4.94‘ -5.65 -5.35 
Hexachlorobenzene 230’ 5.5OC -7.76 -7.67 


(I Reference 2. * Reference 3. Reference 1. 


briefly in the paragraph preceding Eq. 37 of Ref. 2 but will 
be discussed more completely here. 


Equation 30 of Ref. 2 was developed on the basis of the 
theoretical relationships between solubility, partition 
coefficient, melting point, and entropy of fusion. Solubility 
data for five classes of compounds were compared to the 
predictions based on: 


log S,  z -log PC - 0.01MP + 1.05 (Eq. 1) 


Only if this theoretical equation perfectly predicted all of 
the solubilities would the slope be unity and the intercept 
zero. 


In most cases, the slopes were not significantly different 
from unity; however, the intercepts tended to be slightly 
negative rather than zero. This trend shows a systematic 
overestimation of solubility by a factor of -3. This finding 
indicated that while the theoretical equation was not 
perfect, it did provide a basis for assessing the role of the 
partition coefficient and the melting point in controlling 
aqueous solubility. 


Each of the five classes of compounds represents a fairly 
small data set (in most cases covering only a few orders of 
magnitude in solubility). The slopes and intercepts are 
thus more subject to errors in the log S, measurements 
and/or the log PC estimation than is the whole data set, 
which covers almost nine orders of magnitude. The em- 
pirical equation for rigid molecules (Eq. 39 of Ref. 2) is: 


log S,  = -1.05 log PC - 0.012MP + 0.87 (Eq. 2) 


When Eq. 2 is used to estimate solubilities, it gives a 
slope and intercept of unity and zero, respectively. This 
final equation rather than the ones based on the smaller 
data sets should be used to estimate aqueous solubili- 
ties. 


Second, Chiou et  al. (1) point out that log PC calcula- 
tions tend to be imprecise for low solubility compounds 
and seem surprised that the calculated values work better 
for estimating aqueous solubility than their own experi- 
mentally determined values. The reason for this situation 
is again statistical. For the reasons already described, it is 
best to use Eq. 2 to estimate solubility. When this is done, 
the experimental log PC values of Chiou et al. (1) will yield 
calculated solubilities that are in excellent agreement with 
the observed values as shown in Table I. 


The regression equations were obtained by correlating 
aqueous solubility with melting points and calculated 
values of log PC. If experimental log PC values were 
available, the regression coefficient of log PC as well as the 
intercept probably would be somewhat altered. Thus, 
systematic errors in estimating log PC are compensated 
for by the choice of the coefficient of log PC. 
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The third concern raised by Chiou et  al. (1) is the lack 
of a correction for the mutual miscibility of water and oc- 
tanol. They show three examples that indicate an error as 
high as 0.3-0.5 in log PC for very nonpolar solutes. This 
magnitude of error is not of particular concern. It is well 
within the error normally encountered in determining 
experimental values for both log S, and log PC for hy- 
drophobic compounds and certainly within the limitations 
of Eq. 2. 


The conclusion of Chiou et al. (1) is that experimental 
values for log PC should be used to improve the reliability 
of the log S, - log PC correlation in the high log PC re- 
gion. While this may be true, it is somewhat impractical. 
The value of Eq. 2 is that it provides a simple means of 
estimating log S, from nothing more than a knowledge of 
the melting point of the solute and a group contribution 


estimate of its partition coefficient. The measurement of 
accurate partition coefficients greater than 10,000 (log PC 
> 4) is far more difficult and subject to error than the 
measurement of log S,. 
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REVIEWS 


Controlled Release Technologies: Methods, Theory, and Applica- 
tions. Edited by AGIS F. KYDONIEUS. CRC Press, 2000 N.W. 24th 
St., Boca Raton, FL 33431.1980. Vol. I, 261 pp., and Vol. 11,273 pp. 17 
X 26 cm. Price US.  $69.95 each (Foreign $79.95). 
Controlled Release Technologies is contained in two volumes, with 


a contributors list that reads like a “who’s who” in the field of con- 
trolled-release products. In the prefix, the editor indicates that “tech- 
nologies described in these two volumes depend almost exclusively on 
the use of polymers and polymer technology” and that, although “ap- 
plications, advantages and fundamental concepts of controlled release 
have been the subject of many symposia and several books dealing with 
formulations, all known delivery systems have not been assembled for 
consideration as they are in these volumes.” The editor is entirely correct 
on this point. 


Volume I contains six chapters dealing with fundamental concepts of 
controlled release, monolithic polymer devices, monolithic elastomeric 
material, membrane systems, multilayered laminated structures, and 
controlled release from ultramicroporous triacetate. Volume I1 contains 
13 chapters including topics on erodible matrixes and biodegradative 
controlled release of pesticides from polymeric substances, polymers 
containing pendent pesticide substituents, microencapsulation using 
coacervation phase separation techniques with pharmaceutical and ag- 
ricultural applications, the Wurster process, microencapsulation using 


physical methods, controlled-vapor release from hollow fibers, delivery 
of active agents by osmosis, starch and other polyols as encapsulating 
matrixes for pesticides, pine craft lignin as a pesticide delivery system, 
and other controlled-release technologies and applications. 


Most chapters provide a brief description of the theory of preparing 
controlled-release devices but omit specific examples of formulations or 
preparation techniques which the “novice” could employ to make the 
products described. This may be because much of such information is 
proprietary, or it may be because the authors have assumed that the av- 
erage reader will already have some knowledge in this area. Chapter 3 in 
Volume I is an exception in that many interesting product formulations 
have been presented. The volumes were published in 1980, and the edi- 
tor’s introductory comments were signed and dated 1978. Thus, most 
chapters do not contain references more recent than 1976, but the liter- 
ature prior to this time is well covered and a large number of excellent 
references are provided with each chapter. 


In addition, Chapter 13 of Volume 11, which deals with “other con- 
trolled release technologies and applications,” contains a series of tables 
listing US. patent numbers, companies holding the patents, titles of 
controlled-release systems, applications for the controlled-release sys- 
tems, active agents involved, and the controlled-release method em- 
ployed. These tables are quite informative. 


The authors have done a good job of presenting polymeric con- 
trolled-release technology for drugs, insecticides, pesticides, herbicides, 
and antifouling formulations. Many chapters contain a brief mathe- 
matical description for active ingredient release theory followed by an 
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Abstract 0 The plasma protein binding of zomepirac, a new nonnarcotic 
analgesic, was studied using equilibrium dialysis. Experiments were 
performed using human plasma and plasma from mice, rats, and rhesus 
monkeys, all species of pharmacological or toxicological interest. At 
concentrations approximating those achieved in uiuo, the binding was 
fairly constant a t  98-99% in all species except the rhesus monkey, where 
binding was decreased from 98 to -96% a t  higher concentrations (>50 
pglml). Zomepirac (10 pg/ml) did not appear to displace or to be displaced 
by warfarin (10 pg/ml) in human plasma. However, salicylate (5-200 
pg/ml) caused a concentration-dependent decrease in zomepirac (10 
pg/ml) binding. Zomepirac did not affect salicylate binding. 
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Plasma protein binding of drugs is an important factor 
in drug disposition (1-3). This report describes the inter- 
action of zomepirac sodium, a new nonnarcotic analgesic 
agent (4-6), with plasma proteins from several species. 
Some preliminary binding interaction studies in human 
plasma are also reported. 


EXPERIMENTAL 


Materials-Zomepirac sodium [sodium 5-(4-chlorobenzoyl)-1,4- 
dimethyl-1H-pyrrole-2-acetate dihydrate] was labeled with carbon 14 
at a specific activity of 10.18 pCi/mg‘. The drug was 96-98% radio- 
chemically pure by TLC a t  the time of use. [14C]Salicylic acid2 and 
[14C]warfarin2 were used a t  specific activities of 421 and 164 pCi/mg, 
respectively. Both drugs were 99% radiochemically pure by TLC. 


Heparinized plasma was harvested from blood collected from Wistar 
rats3, CD-1 Swiss mice3, and rhesus monkeys4. Citrated human plasma 
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was purchased locally. Sorensen’s buffer (0.067 M phosphate, pH 7.4) 
was prepared by dissolving 1.72 g of monobasic potassium phosphate and 
7.70 g of dibasic sodium phosphate in 1 liter of distilled water. 


Methods-Binding experiments were performed on an equilibrium 
dialysis system5. Regenerated cellulose dialysis membranes (mol. wt. 
cutoff of 5000) were prepared by three rinses in distilled water and three 
rinses in buffer. The membranes were placed between two-piece polytef 
dialysis cells (1-ml volume per side) mounted in a spring-loaded rack, and 
each half-cell was filled. One side of the cell was filled with plasma, and 
the other side was filled with the drug in buffer. 


The cells were rotated a t  12 rpm for 2 hr a t  room temperature, and then 
the half-cells were emptied and assayed for total carbon 14 as a measure 
of zomepirac. These dialysis conditions were selected since preliminary 
experiments in the absence of plasma (Le., zomepirac dialyzed against 
buffer) showed that equilibrium was reached in 2 hr and that plasma 
binding was not different a t  room temperature or 37”. Furthermore, TLC 
analysis of selected samples showed that no degradation of zomepirac 
occurred under these conditions. 


Interaction St~dies-[’~C]Zomepirac was dialyzed against undiluted 
rat, mouse, monkey, and human plasma at concentrations ranging from 
0.1 to 250 pg/ml, depending on the species. These concentrations were 
in the ranges of those observed after pharmacological doses of zomepirac 
sodium (7-10). 


T o  assess the potential for displacement of zomepirac by other agents, 
experiments were performed with warfarin6 and salicylic acid7 using 
human plasma. The [14C]zomepirac concentration was 10 pg/ml. War- 
farin was tested a t  10 pg/ml, and salicylic acid was tested from 5 to 200 
pg/ml. When the effect of zomepirac on the binding of these agents was 
evaluated, a tracer of [‘4C)warfarin (-10,000 dpm/ml, 0.03 pg/ml) or 
salicylate (-10,000 dpmlml, 0.01 pg/ml) was added, and nonradioactive 
zomepirac was used. 


Sample Analysis-Total radioactivity was determined by adding 
aliquots of both plasma and buffer solutions (after dialysis) to 10 ml of 
scintillation cocktails. Samples were counted in a refrigerated liquid 
scintillation spectrometer and were corrected for quenching using the 
external standard method. 


Selected samples were analyzed for drug decomposition during dialysis. 
Zomepirac was assayed by applying aIiquots of the postdialysis plasma 
and buffer samples to silica gel TLC plates9 developed in chloroform- 
methanol-acetic acid (94:5:1 v/v/v). Analysis was by either segmentation 
and liquid scintillation counting or radioscan. No decomposition was 
observed. 


5 Dianorm, Diachema Ag., Ruschlikon, Switzerland. 
6 Endo Laboratories, Garden City, N.Y. 
7 J. T. Baker Chemical Co., Phillipsburg, N.J. 
8 Biofluor, New England Nuclear, Boston, Mass. 
9 GF 254 (250 pm), Analtech, Newark, Del. 
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Table I-Zomepirac Binding to Plasma Proteins of Various Species 


Zomepirac Concentration", pglrnl 
Soecies 250 125 50 20 10 5 1 0.5 0.1 


Human - b - - - 98.6 f 0.3 98.6 f 0.03 98.9 f 0.1 98.4 f 0.1 98.5 f 0.2 
Rat - - - 97.7 f 0.1 97.9 f 0.1 98.9 f 0.4 98.0 f 0.3 98.1 f 0.3 98.6 f 0.5 
Mouse - - - - 98.5 f 0.6 98.1 f 0.6 98.0 f 0.2 99.1 f 0.1 97.4 f 0.4 
Monkev 96.3 f 0.4 96.4 f 0.2 97.1 f 0.4 98.4 f 0.2 98.8 f 0.5 98.9 f 0.1 98.4 f 0.1 99.1 f 0.2 97.6 f 0.8 


~ ~~ 


Values represent the starting concentration. Values represent mean percent bound f SD of four to 10 determinations. * Not tested. 


Table 11-Protein Binding Interactions of Zomepirac with 
Warfarin and Salicylate 


Zomepirac 
Concentration, Percent 


wdml Bound" 
- 0 


10 98.3 f 0.1 
Zomepirac 


Concentration, Percent 
udml Bound" 


Warfarin 
Concentration. Percent 


d m l  Bound" 


10 98.3 f 0.6 
10 98.5 f 0.8 


Salicylate 
Concentration, Percent 


d m l  Bound" 


0 - 5 94.5 f 0.2 
0 - 25 93.7 f 0.3 
0 - 100 85.4 f 0.6 


10 98.1 f 0.3 5 94.5 f 0.4 
10 97.3 f 0.3 25 93.1 f 0.4 


95.9 f 0.7 100 83.7 f 0.5 10 
10 92.8 f 0.6 200 - 


Mean f SD of five determinations. 


Salicylic acid was assayed by pooling plasma or buffer samples (-2 ml), 
adjusting to pH 1-2 with 0.5 ml of 6 N HzSOr, and extracting with 10 ml 
of ether. After shaking for 15 min and centrifuging for 5 min, an aliquot 
of the ether layer was counted for carbon 14 and the remainder was 
evaporated to dryness under nitrogen. More than 95% of the radioactivity 
was extracted. The residue was dissolved in a small amount of methanol 
and spotted on a TLC plate. The plate was developed in toluene-diox- 
ane-acetic acid (90:24:4 v/v/v) and analyzed as described earlier. No 
salicylic acid degradation was observed. 


Warfarin samples were pooled as described for salicylate and extracted 
with 10 ml of ethylene dichloride (15 min of shaking and 10 min of cen- 
trifugation). An aliquot of the organic layer was counted for carbon 14, 
and the remainder was evaporated to near dryness. Approximately 80% 
of the radioactivity was extracted. The extract was spotted on a TLC 
plate, and the plate was developed in toluene-ethyl formate-formic acid 
( 5 4 1  v/v/v). Only 59% of the radioactivity in the dialysate corresponded 
to [14C]warfarin, while essentially all of the carbon 14 in the plasma was 
unchanged warfarin. Therefore, the buffer was corrected for the presence 
of degradation products prior to calculating the extent of binding. 


Percent bound values were calculated as follows: 


(Eq. 1) Cb+f - cf 100 percent bound = - 
Cb+f 


where Cb+f is the drug concentration on the plasma side of the membrane 
(bound plus free drug) and C, is the drug concentration on the buffer side 
(free drug). 


RESULTS AND DISCUSSION 


Results of experiments evaluating the relationship between zomepirac 
concentration and extent of binding are shown in Table I. The mean 
percent bound to human plasma was essentially constant from 0.1 to 10 


pg/ml, ranging from 98.4 to 98.9%. Similar findings were observed in the 
other species, although binding to monkey plasma was reduced slightly 
with higher zomepirac concentrations (150  pg/ml). 


The results of the binding interaction studies in human plasma are 
shown in Table 11. Warfarin (10 pg/ml) had no effect on zomepirac (10 
pg/ml) binding, even though both drugs were tested at high concentra- 
tions relative to the those achieved after therapeutic doses of the drug 
(10,l l) .  Similarly, zomepirac did not alter warfarin binding. The effect 
of salicylic acid on zomepirac plasma binding is shown in Table 11. A t  all 
concentrations tested, salicylate caused a statistically significant re- 
duction in zomepirac binding, thus resulting in higher free drug con- 
centrations. At 200 pg of salicylate/ml, this effect would result in a change 
in free fraction from 0.014 to 0.072, a fivefold increase. Zomepirac had 
no effect on salicylate binding. 


Thus, similar to other acidic compounds (12,13), zomepirac was highly 
bound to plasma proteins. Based on these preliminary studies, in uiuo 
interactions of zomepirac and warfarin resulting from protein binding 
effects apparently are unlikely. While the potential for interactions with 
salicylate (i.e., aspirin) exists, the in uiuo importance cannot be predicted 
(14). Furthermore, these studies do not rule out drug interactions due 
to metabolic effects, additive pharmacological effects, or effects of drug 
metabolites. 
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The third concern raised by Chiou et  al. (1) is the lack 
of a correction for the mutual miscibility of water and oc- 
tanol. They show three examples that indicate an error as 
high as 0.3-0.5 in log PC for very nonpolar solutes. This 
magnitude of error is not of particular concern. It is well 
within the error normally encountered in determining 
experimental values for both log S, and log PC for hy- 
drophobic compounds and certainly within the limitations 
of Eq. 2. 


The conclusion of Chiou et al. (1) is that experimental 
values for log PC should be used to improve the reliability 
of the log S, - log PC correlation in the high log PC re- 
gion. While this may be true, it is somewhat impractical. 
The value of Eq. 2 is that it provides a simple means of 
estimating log S, from nothing more than a knowledge of 
the melting point of the solute and a group contribution 


estimate of its partition coefficient. The measurement of 
accurate partition coefficients greater than 10,000 (log PC 
> 4) is far more difficult and subject to error than the 
measurement of log S,. 
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BOOKS 


REVIEWS 


Controlled Release Technologies: Methods, Theory, and Applica- 
tions. Edited by AGIS F. KYDONIEUS. CRC Press, 2000 N.W. 24th 
St., Boca Raton, FL 33431.1980. Vol. I, 261 pp., and Vol. 11,273 pp. 17 
X 26 cm. Price US.  $69.95 each (Foreign $79.95). 
Controlled Release Technologies is contained in two volumes, with 


a contributors list that reads like a “who’s who” in the field of con- 
trolled-release products. In the prefix, the editor indicates that “tech- 
nologies described in these two volumes depend almost exclusively on 
the use of polymers and polymer technology” and that, although “ap- 
plications, advantages and fundamental concepts of controlled release 
have been the subject of many symposia and several books dealing with 
formulations, all known delivery systems have not been assembled for 
consideration as they are in these volumes.” The editor is entirely correct 
on this point. 


Volume I contains six chapters dealing with fundamental concepts of 
controlled release, monolithic polymer devices, monolithic elastomeric 
material, membrane systems, multilayered laminated structures, and 
controlled release from ultramicroporous triacetate. Volume I1 contains 
13 chapters including topics on erodible matrixes and biodegradative 
controlled release of pesticides from polymeric substances, polymers 
containing pendent pesticide substituents, microencapsulation using 
coacervation phase separation techniques with pharmaceutical and ag- 
ricultural applications, the Wurster process, microencapsulation using 


physical methods, controlled-vapor release from hollow fibers, delivery 
of active agents by osmosis, starch and other polyols as encapsulating 
matrixes for pesticides, pine craft lignin as a pesticide delivery system, 
and other controlled-release technologies and applications. 


Most chapters provide a brief description of the theory of preparing 
controlled-release devices but omit specific examples of formulations or 
preparation techniques which the “novice” could employ to make the 
products described. This may be because much of such information is 
proprietary, or it may be because the authors have assumed that the av- 
erage reader will already have some knowledge in this area. Chapter 3 in 
Volume I is an exception in that many interesting product formulations 
have been presented. The volumes were published in 1980, and the edi- 
tor’s introductory comments were signed and dated 1978. Thus, most 
chapters do not contain references more recent than 1976, but the liter- 
ature prior to this time is well covered and a large number of excellent 
references are provided with each chapter. 


In addition, Chapter 13 of Volume 11, which deals with “other con- 
trolled release technologies and applications,” contains a series of tables 
listing US. patent numbers, companies holding the patents, titles of 
controlled-release systems, applications for the controlled-release sys- 
tems, active agents involved, and the controlled-release method em- 
ployed. These tables are quite informative. 


The authors have done a good job of presenting polymeric con- 
trolled-release technology for drugs, insecticides, pesticides, herbicides, 
and antifouling formulations. Many chapters contain a brief mathe- 
matical description for active ingredient release theory followed by an 
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abundance of practical examples. There are many useful illustrations in 
graphical and tabular form as well as numerous high quality photographs. 
All art work is top quality. These volumes will be useful to scientists and 
students involved in controlled-release technologies. 


Reviewed by James W. Ayres 
School of Pharmacy 
Oregon State University 
Coruallis, OR 97331 


Recent Developments in Mass Spectrometry in Biochemistry and 
Medicine, 6. Edited by ALBERT0 FRIGERIO and MALCOLM 
McCAMISH. Elsevier, 52 Vanderbilt Ave., New York, NY 10017.1980. 
553 pp. 16 X 24 cm. Price $83.00. 
This volume is a compilation of the papers from the Proceedings of the 


6th International Symposium on Mass Spectrometry in Biochemistry 
and Medicine, Venice, June 1979. It contains 52 papers from a variety 
of mass spectrometric applications. Similar to the previous series, this 
volume attempts to bring together the latest information on the appli- 
cation of mass spectrometry and research development and methodology 
of mass spectrometry. This objective is met in the area of the latest ap- 
plications in biochemistry and medicine. 


This book discusses various applicational aspects from experts in the 
field and is quite up-to-date. Examples of its applications in lipids, 
prostaglandins, protein sequencing, biogenic amines, metabolite iden- 
tification, pharmacokinetics, placental drug transfer, and physiological 
exchange of endogenous substances are of interest to readers a t  inter- 
mediate to advanced levels in mass spectrometry. It is particularly useful 
to leas sophisticated readers who want to get a glimpse of the field without 
purchasing the previous volumes of the proceedings. Perhaps disap- 
pointing to some experienced researchers is the deficiency in certain 
aspects of applications such as the use of stable isotopes in pharmacology 
and pharmacokinetics. This may reflect a lack of participation of certain 
segment of the biomedical researchers in the symposium. 


In the area of latest developments in instrumentation and methodol- 
ogy, it has somewhat short-changed the reader. Several areas such as mass 
spectrometry-mass spectrometry (multiple mass spectrometry), ion- 
cyclotron mass spectrometry, and high-pressure liquid chromatogra- 
phy-mass spectrometer interface are not covered. Nonetheless, several 
chapters in this area are quite valuable, e.g., the description of the Kratos 
MS 80, the laser microprobe mass analyzer and its applications, low- and 
high-pressure negative chemical-ionization mass spectrometry, and the 
disposable surface probe. 


This book is divided into six general classifications, including quali- 
tative and quantitative studies of endogenous and exogenous compounds, 
instrumentation and methodology, and environmental studies. These 
classifications, although somewhat artificial, are quite helpful in locating 
quickly a particular area of interest. However, it is not understood why 
a paper that discusses the application of the electron-capture detector 
in liquid chromatography without any reference to mass spectrometry 
was included in this book (pp. 317-330). 


This book contains an author index but not a subject index. The former 
does not serve much purpose because no affiliations of the authors are 
provided in this index and the name of the author can already be found 
in the table of contents. The latter, if available, is usually more useful in 
helping readers locate the subject of interest. However, this book is a 
reasonably up-to-date reference book on mass spectrometry. 


Reviewed by Kenneth K. Chan 
School of Pharmacy 
Uniuersity of Southern California 
Los Angeles, CA 90033 


Applied Biopharmaceutics and Pharmacokinetics. By LEON 
SHARGEL and ANDREW B. C. YU. Appleton-Century-Crofts, 292 
Madison Ave., New York, NY 10017.1980.253 pp. 16 X 24 cm. Price 
$18.50. 
This book, intended primarily for undergraduate students in pharmacy 


and allied health professions, emphasizes pharmacokinetic principles 
rather than biopharmaceutics. The first two chapters review elementary 
mathematics and kinetics, and the next three chapters introduce one- 
compartment and multicompartment pharmacokinetic models. Chapter 
6 briefly discusses biopharmaceutics, including absorption mechanisms 
and dosage form diasolution. Chapters 7-11 deal with absorption kinetics, 
bioavailability, clearance, hepatic elimination, and protein binding. 
Chapters 12, 13, and 14 consider intravenous infusions, multiple-dose 
administration, and nonlinear pharmacokinetics, Chapters 15 and 16 
discuss clinical pharmacokinetics, and Chapter 17 describes the kinetics 
of pharmacological effects. 


The book is quite readable, with numerous illustrations. Most chapters 
contain practice problems, along with detailed solutions. In addition, 
questions are included at  the end of each chapter, and answers are pro- 
vided in the Appendiz. One major attribute of the book is the step-by- 
step illustrations given for some of the more common pharmacokinetic 
manipulations (e.g., method of residuals, Wagner-Nelson method, and 
Loo-Riegelman calculation). Only a limited number of references are 
provided, and they are generally in the form of a bibliography at the end 
of each chapter. 


The text appears relatively free from errors, afthough several incorrect 
equations were found, and some generalizations were made that were not 
as widely applicable as the text seemed to imply. On the whole, the book 
provides a reasonable introduction to the material, although the some- 
what superficial discussion of some topics could mislead someone utilizing 
the text without a thorough understanding of the limitation and pitfalls 
in the approaches. However, the book would be suitable as an introduc- 
tory undergraduate text for a course taught by an instructor experienced 
in pharmacokinetics. 


Reviewed by Marvin C. Meyer 
Department of Pharmaceutics 
College of Pharmacy 
University of Tennessee 


Memphis, TN 38163 
Center for the Health Sciences 


Progress in Drug Metabolism, Vol. 5. Edited by J. W. BRIDGES and 
L. F. CHASSEAUD. Wiley, 605 Third Ave., New York, NY 10016. 
1980.358 pp. 15 X 23 cm. Price $85.00. 
This volume is the fifth in a series concerned with various aspects of 


drug metabolism. This volume is similar to the previous four volumes in 
that five to six major, current, and timely topics are reviewed. These 
topics are not necessarily directly related other than that they are con- 
cerned with the general topic of drug metabolism. 


Chapter 1 deals with the distribution and role of cytochrome P-450 in 
extrahepatic organs and in prostaglandin metabolism. Steroidogenic 
organs also are extensively reviewed. The chapter does not include recent 
investigations involving cytochrome P-450 in the intestine and colon, and 
most references are pre-1978, although the volume was published in late 
1980. 


Chapter 2 addresses a topic on which relatively little information exists, 
namely species variations in xenobiotic metabolizing enzymes. The 
chapter is restricted to hepatic metabolism, primarily involving micro- 
somal monoxygenases, epoxide hydratase, and glucuronyltransferase. 
No information is provided on interspecies variation within hepatic and 
extrahepatic tissues. 
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Abstract The aggregation response of washed porcine platelets to the 
sodium salts of stearic, oleic, palmitic, and myristic acids was analyzed 
turbidometrically. The fatty acids were prepared as aqueous suspensions 
and as taurocholate- or albumin-solubilized systems. The final concen- 
tration of fatty acid in the platelet preparation varied between 70 and 
600 p M .  This range was within or below the normal physiological limits 
of 300-1200 p M .  Platelet aggregation was observed with both the sus- 
pended and taurocholate-solubilized fatty acids. The extent of platelet 
aggregate formation increased with the fatty acid concentration and chain 
length. With the exception of stearate, the taurocholate-solubilized fatty 
acids were more active than the suspensions. Albumin-solubilized fatty 
acids were devoid of platelet aggregating activity. Particle-size analysis 
of the solubilized fatty acids indicated that fatty acid precipitation had 
occurred subsequent to the addition of taurocholate-solubilized fatty 
acids to the platelets. This precipitation did not occur with the albu- 
min-solubilized systems, suggesting that the fatty acids must assume a 
particulate physical state to induce aggregation. Platelet aggregation 
induced by fatty acids was not inhibited by 80 nM epoprostenol, 75 p M  
alprostadil, or 150 pM indomethacin. This finding indicated that the fatty 
acid-induced platelet aggregation was independent of cyclic AMP-related 
calcium shift, cyclooxygenase-arachidonate, or granular nucleotide re- 
lease mechanisms. 


Keyphrases 0 Fatty acids-induced platelet aggregation, solubilized 
and nonsolubilized fatty acids Platelets-free fatty acid-induced 
aggregation, solubilized and nonsolubilized fatty acids 0 Coagula- 
tion-free fatty acid-induced platelet aggregation, solubilized and non- 
solubilized fatty acids 


Platelets are capable of several reactions necessary for 
participation in the hemostatic response. They “stick” to 
exposed subendothelial components and artificial surfaces 
(adhesion), as well as to one another (aggregation), in re- 
sponse to seemingly diverse stimuli. In addition, platelets 
release endogenous, pharmacologically active substances 
that accentuate adhesion, aggregation, and coagulation 
reactions. This reaction is referred to as platelet release. 
Thus, platelets can initiate and stimulate several phases 
of the overall coagulation process, although the aggregation 
reaction alone results in effective hemostatic blockage in 
small blood vessels and capillaries (1). 


BACKGROUND 


Thrombin, collagen, adenosine diphosphate (ADP), epinephrine, and 
long chain (>C14) unesterified fatty acids are compounds encountered 
in oioo that  have been shown to initiate platelet aggregation (1-10). 
Platelets normally remain unaggregated in most disease-free individuals. 
That they aggregate in response to various threats to hemostasis suggests 
a delicate balance between circulating platelets and the aggregation- 
initiating substance(s). Disruption of this balance may result in either 
control or exacerbation of disease. For example, the normal response to 
vascular injury involves the production of thrombin and subsequent 
formation of a fibrin network (11). In this case, platelet aggregation in- 
duced by thrombin would be a disease controlling reaction through 
augmentation of thrombus formation to control bleeding. In contrast, 
disease states that  result in elevated blood fatty acid levels are accom- 
panied by an increased incidence of thromboembolism and platelet hy- 
peraggregability in the absence of vascular injury (12-17). Here the 
platelet aggregation response exacerbates the disease condition. 


The delicate balance between platelet aggregation or nonaggregation 
in response to a stimulus is exemplified by the platelet-fatty acid inter- 
action. Numerous studies (6-10) have demonstrated hypercoagulability 
and platelet aggregation both in uiuo and in uitro in response to admin- 
istered fatty acid concentrations within the normal physiological range 
of 300-1200 p M .  The fact that  most individuals are free from platelet 
aggregation abnormalities when in situ fatty acid levels range from 300 
to 1200 p M  suggests that the physical state of the administered free fatty 
acids is a critical determinant of aggregating activity. 


It has been argued that the platelet aggregating activity of free fatty 
acids is related to micellar aggregates formed in aqueous solution (%lo, 
18). Since the critical micellar temperature is > 3 7 O  for most poorly soluble 
long chain fatty acids (19), a suspension state, rather than a micellar state, 
is anticipated. Inspection of data (7, 8, 10, 18) correlating platelet ag- 
gregating activity with free fatty acid chain length leads to the general- 
ization that aggregating activity is negligible below ‘214, with activity 
increasing markedly with chain lengths up to (220; i.e., the fatty acids least 
likely to form micelles exhibit the greatest platelet aggregating activity. 
This trend holds for both saturated and unsaturated fatty acids when 
the aggregation of washed platelet preparations in uitro is examined (9, 
10, 20). 


In the present study, the aggregation of washed porcine platelets was 
investigated as a function of the physical state of various fatty acid 
preparations. Final washed platelet fatty acid concentrations (70-600 
~ L M )  within normal physiological limits were examined (21,22). The so- 
dium salts of stearic, palmitic, myristic, and oleic acids were prepared 
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r o o t  as suspensions in buffered isotonic saline or as solubilized aqueous sys- 
tems with either sodium taurocholate or albumin as the solubilizing agent. 
The. effects of the nonspecific platelet aggregation inhibitors alprostadil, 
epoprostenol, and indomethacin (23) serve as a basis for mechanistic 
interpretations of the fatty acid-induced platelet aggregation reaction. 


EXPERIMENTAL 


Slaughterhouse porcine blood was collected into polyethylene vessels 
containing 7.5 ml of 0.077 M edetate disodium' and 0.71 M anhydrous 
a-D-glucose1/92.5 ml of whole blood as an anticoagulant. The pH of the 
anticoagulant solution was adjusted to 7.4 with sodium hydroxide. Col- 
lected blood was placed into an ice bath until processed further. 


Aqueous suspensions of oleic', palmitic', or myristicl acid were gently 
heated with a slight molar excess of aqueous sodium hydroxide to form 
the respective sodium salts. The pH values of these solutions were >10.0 
after complete dissolution of the fatty acid. The solutions were cooled 
to room temperature; the insoluble fatty acid salt was collected and 
washed repeatedly with deionized water to remove excess sodium hy- 
droxide. This product was vacuum dried a t  30" for 24 hr. Sodium stea- 
rate' was used as received. All fatty acids were >99% pure as listed by the 
supplier. 


Cholic acid' was recrystallized repeatedly from 95% ethanol. Purity 
was checked with UV spectroscopy and TLC, using isoamyl acetate*- 
propionic acid2-n-propanol*-water (40:30:20:10) as the developer. 
Taurine' was used as received. Sodium taurocholate was synthesized 
according to Lack et  al. (24). The synthesized sodium taurocholate was 
found to be pure by TLC. 


Epoprosteno13 (PGIz), alprostadiP (PGE'), indomethacin', disodium 
adenosine diphosphate', fibrinogen4 (porcine, fraction I), and albumin' 
(porcine, fraction V) were used as received. Reagents'.2 in the phosphate, 
tromethamine, Tyrodes, and imidazole buffers were reagent grade and 
used as received. 


Washed porcine platelets were prepared by Haslam's method (25) at 
5". Polycarbonate centrifuge tubes were used for all separations. Final 
suspension of platelets was in a 9:l solution of 0.15 M NaCl and 0.15 M 
tromethamine buffer, pH 7.4. Platelets that  did not resuspend immedi- 
ately with gentle agitation were discarded. Platelets were counted and 
examined under phase contrast light microscopy5 a t  600X in a hemocy- 
tometer. The platelets were seen as individual entities without pseudopod 
formation, an observation that was confirmed by scanning electron mi- 
croscopy6 a t  2K magnification. On this basis, the platelets were judged 
to be of normal morphology and in the unaggregated state. Platelet counts 
were adjusted to -700,000/mm3 for all aggregation experiments. Platelets 
prepared in this manner, and subsequently stored in an ice bath, re- 
mained viable for >6 hr without spontaneous aggregation. 


The platelet aggregation reaction was followed turbidimetrically (26) 
with a commercially available aggreg~meter~. Aggregation was recorded 
as an increase in the monochromatic (600 nm) light transmittance of a 
washed platelet suspension with time. Results were relative to blanks 
containing all reagents except platelets. The 100% transmittance baseline 
was set with the blanks. Thus, the magnitude of the light transmittance 
was directly proportional to the extent of platelet aggregation. 


For the aggregation experiments, 500 pl of washed porcine platelet 
suspension was added to a siliconized aggregation cell. Then 20 pl of 0.34 
mM CaCl2 and 40 pl of 0.11 mg of fibrinogen/ml were added. The system 
was equilibrated to 37O (-3 min) before proceeding. Under these con- 
ditions, the platelets did not aggregate spontaneously during 15 min of 
observation. 


Aggregation was induced with either disodium adenosine diphosphate 
or fatty acid. Disodium adenosine diphosphate was prepared a t  a con- 
centration of 2.4 mM in an isotonic imidazole-hydrochloric acid buffer, 
pH 6.8. The fatty acids were prepared a t  a concentration of 4 mM in 
isotonic phosphate buffer, pH 7.4, with and without 47 mM sodium 
taurocholate or 26 g % albumin as a solubilizing agent. Addition of 80 pl 
of the disodium adenosine diphosphate solution or 10-100 pl of the var- 
ious fatty acid preparations to the calcium and fibrinogen equilibrated 
platelets marked the starting point of the aggregation reaction. Final 
reagent concentrations were 1.03 mM Ca", 16 pg of fibrinogenlml, 0.29 


~ ~ 


Si ma Chemical Co., St. Louis, MO 63178. 
J.%. Baker Chemical Co., Phillipsburg, NJ 08865. 
Courtesy of The Upjohn Co., Kalamazoo, MI 49001. 
Nutritional Biochemicals Corp., Cleveland, OH 44128. 
Nikon Biophot, Nippon Kogaku Inc., Garden City, NY 11530. 
Cambridge Mark I1 A SEM, Cambridge, England. 
Model 335, Chronolog Corp., Havertown, PA 19083. 
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Figure 1-ADP-induced platelet aggregation. Reagent concentrations 
were: A,  0.29 mM ADP; and B, 0.29 mM ADP with 75 pM alprostadil 
or 80 nM epoprostenol. Each reagent was administered a t  3 min. 


mM disodium adenosine diphosphate, 70-600 p M  fatty acid, 0.83-7.12 
mM sodium taurocholate, and 4.0 g % albumin. 


The effects of epoprostenol, alprostadil, and indomethacin on fatty 
acid-induced platelet aggregation were investigated. The prostaglandins 
were prepared in buffered solution a t  the respective pH values of maxi- 
mum stabilitg immediately prior to addition to the platelets to minimize 
aqueous degradative effects. Indomethacin was freshly prepared each 
day. Epoprostenol was prepared a t  a concentration of 57.0 f l  in isotonic 
tromethamine buffer, pH 8.7. Alprostadil was prepared at a concentration 
of 0.5 mM in isotonic phosphate buffer, pH 7.4. Indomethacin was pre- 
pared a t  a concentration of 1.0 mM in Tyrodes' buffer, pH 7.4. The final 
concentrations in the platelet media were 80 nM epoprostenol, 75 p M  
alprostadil, and 150 p M  indomethacin. Additions of these inhibitors to 
the platelets were made -1 min prior to the fatty acid or disodium 
adenosine diphosphate additions. 


Behavior of the solubilized fatty acid preparations in the aggregation 
cell was investigated under simulated conditions. The sodium tauro- 
cholate or albumin-solubilized fatty acid preparations were diluted to 
the same extent as in the aggregation cell. Isotonic phosphate buffer, pH 
7.4, filtered three times through 0.22-pm microporous filters8 was used 
as the diluent for all procedures. These samples were analyzed as a 
function of time and particle size with an electronic particle analysis in- 
strument$ equipped with a 30-pm aperture tube and a 100-pl manometer. 
The instrument was calibrated with 2.2-pm latex beads. The minimum 
detection limit was -0.45 pm (diameter) under these conditions. Analysis 
of particle size with suspended fatty acid (nonsolubilized) preparation 
could not be completed due to the blockage of both the 30- and 100-pm 
aperture tubes. This finding indicated the presence of at least a small 
percentage of very large particles in these suspensions. 


RESULTS 


The aggregation response to 0.29 mM ADP was followed turbidime- 
trically as shown in curve A of Fig. 1. This tracing was the average platelet 
aggregation response of five animals. The aggregation was immediate and 
monophasic, leading to macroscopic aggregates (macroaggregates) visible 
to the unaided eye. Higher concentrations of ADP did not result in further 
increases in light transmittance. Curve B shows that the addition of either 
75 alprostadil or 80 nM epoprostenol completely inhibited ADP- 
induced platelet aggregation. The stepwise increases in light transmit- 
tance a t  3 and 4 min reflected the dilution of the washed platelet prepa- 
rations by the reagent additions and did not represent aggregation. The 
imidazole-hydrochloric acid buffer system showed no intrinsic platelet 
aggregating activity. 


The relative platelet aggregating activities of various fatty acid sus- 
pensions are compared in Fig. 2. There were no distinguishable differ- 
ences in the average aggregation patterns elicited by the saturated 
(stearate) or monounsaturated (oleate) CIS fatty acids a t  a final con- 
centration of 600 p M .  Aggregation proceeded rapidly with production 
of large macroaggregates in a clear medium. The response to 600 p M  
palmitate (CIS) differed from the C18 fatty acids in the time course to 
macroaggregate formation. Though immediate in onset, the palmitate- 
induced aggregation proceeded somewhat slower than the stearate or 


Millipore Corp., Bedford, MA 01730. 
9 Coulter Counter model ZBI, Coulter Electronics, Hialeah, Fla. 
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Table I-Final Sodium Taurocholate Concentrations in Relation 
to Solubilized Fatty Acid Concentrations 


~ 


Final Solubilized Fatty 
Acid Concentrations, p M  


Final Sodium Tauro- 
cholate Concentrations, mM 


600 7.12 
320 3.85 
170 2.01 
70 0.83 


oleate reactions. Myristate ((214) was significantly less active than either 
the C16 or CIS fatty acid suspension. The aggregation response to my- 
ristate was minimal and did not result in visible aggregate formation. 
Thus, a general trend of aggregating activity increasing with chain length 
was observed when fatty acid suspensions were added to washed porcine 
platelets. 


The data presented in Fig. 3 show the general relationship between 
fatty acid concentration and platelet aggregation. The speed and extent 
of palmitate-induced aggregation increased with fatty acid concentration. 
The 320 and 600 pM additions resulted in macroaggregate formation. 
Generally, this trend was also followed by oleate and stearate. However, 
as anticipated from Fig. 2, the CIS fatty acids were more active than 
equivalent amounts of palmitate, with macroaggregates formed at  all 
concentrations examined (70-600 pM). 


The platelet aggregating activities of equal concentrations of fatty acids 
in suspended and solubilized physical states were compared (Fig. 4). 
Sodium taurocholate was the solubilizing agent. The final taurocholate 
concentrations were related to the final fatty acid concentrations (Table 
I). Figure 4a shows that platelet macroaggregates formed more rapidly 
with taurocholate-solubilized 70 pM oleate than with suspended 70 WM 
oleate. Taurocholate-solubilized palmitate and myristate systems also 
were more active than the suspended counterparts at equivalent fatty 
acid concentrations (Figs. 4b and 4c). The 170 pM palmitate and 600 WM 
myristate suspensions elicited a weak platelet aggregation reaction. 
However, taurocholate-solubilized 170 pM palmitate and 600 pM my- 
ristate elicited platelet aggregation responses that led to macroaggregate 
formation. Comparisons between solubilized and suspended oleate, 
palmitate, and myristate at concentrations not shown in Fig. 4 followed 
this same trend; taurocholate-solubilized fatty acids were more active 
inducers of aggregation than the respective suspension counterparts. 
Sodium taurocholate alone was devoid of activity at all concentrations 
examined (Table I). 


The suspended 70 pM stearate system was more active than the tau- 
rocholate-solubilized 70 pM stearate (Fig. 4d) .  A t  higher stearate con- 
centrations, this same pattern was noted; however, macroaggregates were 
produced with both the taurocholate-solubilized and suspended forms. 
Thus, a reversal in the trend observed with the other fatty acids was noted 
with stearate. 


The aggregating activities of taurocholate-solubilized oleate, stearate, 
palmitate, and myristate are compared in Fig. 5. Oleate (70 p M )  elicited 
a rapid platelet aggregation response with macroaggregate production. 
Stearate, palmitate, and myristate were completely devoid of aggregating 
activity at this concentration. 


The aggregation response to albumin-solubilized fatty acids is shown 
in Fig. 6. Turbidimetric tracings and light microscopy both indicated that 
platelet aggregation had not occurred in response to either albumin- 
solubilized 600 pM oleate or palmitate. In the susponded state, these 
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Figure 3-Platelet aggregation as a function of the final suspended 
fatty acid concentration. Key: curve A, 600 pM palmitate; curve B, 320 
pM palmitate; and curve C, I70 pM palmitate. 


concentrations of oleate and palmitate both elicited an immediate platelet 
aggregation response leading to macroaggregate formation (Fig. 2). 


With macroaggregate production, the formation of a fibrous mucoid 
network subsequent to aggregate appearance was noted and was postu- 
lated to be fibrin. In platelet-free blanks, this network did not form. To 
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1 2 3 4 5 6 7 8  Figure 4-Platelet aggregation as a function of the physical state of 
70 p M  oleate (a), 170 p M  palmitate (b), 600 p M  myristate (c), and 70 
pM stearate (d). Key: curves A, sodium taurocholate-solubilized fa t t y  
acids; curves B, suspended fatty acids; and curve C, sodium taurocholate 
without fatty acid. 


MINUTES 
Figure 2-Platelet aggregation response to 600 pM fa t t y  acid S U S -  
pensions as a function of chain length. Key: curve A, oleate or stearate 
(Cia); curve B, palmitate (Cld; and curve C, myristate (Clk). 
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Figure 5-Platelet aggregating activities of taurocholate-solubilized 
70 pM fatty acids. Key: curue A, oleate; and curue B, stearate, palmitate, 
or myristate. 


determine its significance in relation to platelet aggregation, the calcium 
and fibrinogen requirements of washed porcine platelet aggregation were 
studied. Aggregation was induced with taurocholate-solubilized 170 p M  
oleate. Curve A in Fig. 7 shows that macroaggregate formation did not 
depend on fibrinogen. Without fibrinogen, the aggregation pattern was 
essentially identical to that with fibrinogen, although the fibrous mucoid 
network did not form in the absence of fibrinogen. Curve B of Fig. 7 re- 
veals that calcium was required for aggregation. Without calcium, neither 
platelet aggregates nor the fibrous mucoid network formed. Although 
fibrinogen was not a requirement for aggregation, both fibrinogen and 
calcium were included in all trials to facilitate comparison with the pre- 
dominant methodology in the literature. 


The effects of alprostadil, epoprostenol, and indomethacin on platelet 
aggregation induced by suspended fatty acids are given in Fig. 8. A mo- 
nophasic aggregation pattern leading to macroaggregate formation 
proceeded with or without the inhibitors. The time courses and extents 
of aggregation were not altered or inhibited by these agents. 


The observed platelet aggregation patterns elicited by suspended or 
taurocholate-solubilized stearate are given in Fig. 9. Inhibitors were 
present as indicated. Aggregation activity increased with the taurocho- 
late-solubilized stearate concentration up to 320 p M .  The solubilized 600 
p M  system was somewhat less active than the solubilized 170 and 320 
p M  systems. However, macroaggregates formed with all but the tauro- 
cholate-solubilized 70 p M  stearate system within the 10-min observation 
period. The platelet aggregation response to the taurocholate-solubilized 
stearate systems was unaltered by the inhibitors. The activity of the 
suspended stearate systems increased with concentration. Platelet 
aggregation induced by suspended stearate was more rapid than with 
taurocholate-solubilized stearate at all concentrations. The platelet re- 
sponse to suspended stearate was unaltered by the inhibitors; the possible 
exception was the aggregation induced by suspended 70 p M  stearate. In 
this case, a decreased aggregation response was observed with both al- 
prostadil and indornethacin. However, aggregate formation still was 
extensive. 


Platelet aggregation patterns observed subsequent to additions of 
taurocholate-soluhilized oleate are given in Fig. 10. Inhibitors were 
present as indicated. The 70 and 170 pA4 solubilized systems (Fig. 10a) 
induced a monophasic macroaggregate reaction. The response to the 320 
and 600 p M  solubilized oleate was anomalous. The 320 pA4 addition (Fig. 
lob, curve A)  elicited a biphasic response. Small aggregates appeared 
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Figure 6-Platelet aggregation response to  albumin-solubilized fa t ty  
acids. Final fatty acid concentrations were: A, 600 pM oleate; and B, 
600 p M  palmitate. The  final albumin concentration was 4 g 76. 
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Figure 7-Calcium and fibrinogen requirements of  washed porcine 
platelet aggregation. Aggregation was induced with taurocholate-sol- 
ubilized 170 p M  oleate under the following conditions. curve A, 1 m M  
calcium without fibrinogen; curve B, 16 pg of fibrznogen/ml without 
calcium; and curve C ,  no calcium or fibrinogen. 


during the first phase and then disappeared during the second phase, 
leaving a clear solution devoid of visible aggregates. The 600 p M  system 
elicited a monophasic response that also resulted in a clear, aggregate- 
free, solution. 


Platelets were not visible in either of these clear solutions under 600X 
phase contrast light microscopy. Scanning electron micrographs a t  2200X 
revealed unidentifiable debris. This finding was viewed as evidence for 
platelet lysis in response to the taurocholate-solubilized 320 and 600 p M  
oleate systems. This behavior was not observed with taurocholate alone 
or with any other taurocholate-solubilized fatty acid system examined. 
The aggregation inhibitors did not alter the observed responses to tau- 
rocholate-solubilized oleate except at the 320 pM concentration. Curve 
B of Fig. 10b reveals that epoprostenol actually enhanced the aggregate 
production. In the presence of epoprostenol, a monophasic response re- 
sulting in stable macroaggregate formation was observed. 


The behavior of the taurocholate-solubilized oleate and stearate so- 
lutions was studied. Samples were diluted to the same concentrations 
used in the aggregation experiments and were examined with an elec- 
tronic particle-size analyzer (Figs. 11 and 12). In  all cases, the number 
of particles above 0.72 pm was negligible over the 10-min observation 
period. No particles were detected in the 4 mh4 fatty acid47 mM sodium 
taurocholate stock solutions prior to dilution. 


Dilution of a taurocholate-solubilized stock solution of oleate to 70 and 
170 pM oleate resulted in rapid particle formation in the 0.45-0.72-pm 
diameter range. The taurocholate-solubilized 320 and 600 p M  oleate 
systems precipitated much less. Particles were not detected in a 7.12 mM 
taurocholate system containing no fatty acid. 


The behavior of taurocholate-solubilized stearate contrasted with 
oleate in that precipitation increased as the stearate concentration in- 
creased. However, in all cases, the extent of the stearate precipitation was 
less than with the taurocholate-solubilized 70 and 170 p M  oleate sys- 
tems. 
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Figure 8-Effects of alprostadil, epoprostenol, and indomethacin on 
platelet aggregation induced by suspended fa t t y  acids. Key: curve A, 
600 p M  stearate with and without 75 pM alprostadil, 80 nM epopros- 
tenol, or 150 p M  indomethacin; curve B, 600 pM oleate with and without 
I50 p M  indomethacin; curue C, 320 pM palmitate with and without 80 
nM epoprostenol; and curue D, 170 p M  oleate with and without 80 nM 
epoprostenol, 75 p M  alprostadil, or 150 p M  indomethacin. 
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Figure 9-Platelet aggregation QS induced by taurocholate-solubilized 
and suspended stearate. Key (suspended stearate): curue A, 600 pM 
stearate with and without 75 pM alprostadil, 80 nM epoprostenol, or 
150 pM indomethacin; curue B, 70 pM stearate; and curue C, 70 pM 
stearate with 75 pM alprostadil or 150 pM indomethacin. Key (tauro- 
cholate-solubilized stearate): curve D, 600 pM stearate with and without 
80 nM epoprostenol; curue E, 320 pM stearate with and without 75 pM 
alprostadil, 80 nM epoprostenol, or 150 pM indomethacin; curve F, 170 
p M  stearate with and without 80 nM epoprostenol; and curue G, 70 pM 
stearate. 


Prevention of fatty acid precipitation from the solubilized systems was 
possible if the final sodium taurocholate concentration was 47 mM. 
However, this concentration resulted in immediate and complete lysis 
of platelets. To alleviate this problem, it was necessary to replace tau- 
rocholate with another solubilizing agent, albumin, that would solubilize 
the fatty acids without lysing platelets. Particle-size analysis of albu- 
min-solubilized oleate and palmitate (Figs. 11 and 12) indicated that no 
particle formation occurred above the 0.42-pm limit of detection. Light 
microscopy confirmed that the platelets were not lysed or visibly damaged 
by the albumin concentration employed. 
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DISCUSSION 


Porcine platelets resemble human platelets in several key areas (27): 
(a )  membrane proteins; (b) monophasic aggregation induced by high 
concentrations of ADP; (c) potent inhibition of ADP, thrombin, and 
collagen-induced aggregation by alprostadil and inhibition of ADP by 
AMP; and (d) similar nucleotide content in the platelet storage granules. 
The present report indicates that the washed porcine platelet system can 
be used to distinguish the platelet aggregating activities of ADP and 
various fatty acids in suspended or solubilized physical states. Therefore, 
the porcine platelets were believed to be a reasonable in uitro model for 
the simulated study of human platelet behavior. 


The platelet aggregation reaction is complex. To correlate the platelet 
responses to the many and varied aggregation inducing and inhibiting 
agents, a basic platelet reaction hypothesis has been proposed (23). Under 
this system, induction of platelet aggregation occurs with the interaction 
of inducing agents with receptor sites located on the platelet surface; 
changes thus induced lead to liberation of a transmitter substance [be- 
lieved to be calcium ions (23,28-30)] into the cytosol. The transmitter 
stimulates ATP-dependent contractile processes leading to aggrega- 
tion. 
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Figure 10-Platelet aggregation as induced by taurocholate-solubilized oleate. Key for x curue A, 600 pM oleate with and without 75 /*M alprostadil; 
curue R, 170 pM oleate with and without 750 pM alprostadil, 80 nM epoprostenol, or 150 pM indomethacin; and curve C, 70 p M  oleate with und 
without 75 pM alprostadil or 150 pM indomethacin. Key for b: curve A, 320 pM oleate; and curue B, 320 pM oleate with 80 nM epoprostenol. 
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Figure 12-Particle-size analysis of 4 mM stearate solubilized with 47 
mM sodium taurocholate and 4 mM palmitate solubilized with 26g 76 
albumin subsequent to dilution to 600 p M  stearatel7.12 mM tauro- 
cholate (curve A), 320 p M  stearatel3.85 mM taurocholate (curve B), 
70 p M  stearatel0.83 mM taurocholate (curve C),  and 600 p M  palmi- 
tatel4 g 76 albumin (curve 0). Size range was 0.45-0.72 pm in diam- 
eter. 


The platelet aggregating activity of the suspended fatty acid systems 
increased with both the fatty acid chain length and concentration (Figs. 
2 and 3), in agreement with previous work (7,8,10,18). Unsaturation of 
the hydrocarbon portion of the fatty acid molecule appeared to have no 
discernible effect on the platelet aggregation activity. This observation 
was in general agreement with other work where washed platelet aggre- 
gation was induced by fatty acids in suspension (9,10,20). 


The effects of alprostadil, epoprostenol, and indomethacin on sus- 
pended fatty acid-induced platelet aggregation were examined (Figs. 8 
and 9). With the possible exception of 70 p M  stearate, these agents did 
not appear to alter the fatty acid-induced aggregation reaction, although 
they have been reported to inhibit collagen, thrombin, serotonin, epi- 
nephrine, vasopressin, ADP, and divalent cation ionophore-induced 
platelet aggregation (1,23,29-31,34,40,41). 


Simple correlation of platelet aggregating activity with the fatty acid 
chain length and concentration was not possible with the taurocholate- 
solubilized systems. Complex behavior was noted (Figs. 9 and lo), which 
differed markedly for the oleate as compared to the stearate systems. 


A correlation of taurocholate-solubilized oleate-induced platelet 
aggregation with precipitate formation was found. The taurocholate- 
solubilized 70 and 170 pM oleate systems elicited immediate platelet 
aggregation reactions leading to platelet macroaggregates (Fig. 10). Im- 
mediate, extensive precipitate formation also was observed with these 
preparations (Fig. 11). The anomalous platelet response to taurocho- 
late-solubilized 320 and 600 pM oleate was accompanied by a marked 
reduction in precipitate formation. Apparently, these latter systems re- 
mained solubilized to a greater extent, which may be attributed to the 
higher associated concentrations of taurocholate (Table I). 


However, the platelet response to these preparations did not correlate 
strictly with taurocholate concentration. Taurocholate-solubilized 600 
pM stearate (Fig. 9), myristate (Fig. 4), or palmitate or 7.12 mM tauro- 
cholate alone did not lyse platelets, although the final taurocholate 
concentration was equivalent to the solubilized oleate systems that lysed 
platelets. Thus, the platelet aggregating activity of the taurocholate- 
solubilized oleate systems appeared to depend on the formation of large 
numbers of particles subsequent to the addition to the washed platelet 
preparations. The biphasic response of the platelets to taurocholate- 
solubilized 320 pM oleate appeared to begin with platelet aggregation, 
ultimately ending in lysis (Fig. 10). This biphasic transition from the 
monophasic platelet aggregation response, elicited by the lower oleate 
concentrations, to the monophasic lysis of platelets by the higher oleate 
concentrations was a property unique to the taurocholate-solubilized 
oleate systems and corresponded directly with the extent of precipitation 
(Fig. 11). 


All concentrations of taurocholate-solubilized stearate were less active 
than taurocholate-solubilized 70 and 170 pM oleate in the induction of 
platelet aggregation (Fig. 9). Precipitation from the stearate systems (Fig. 
12) also was less extensive than from the oleate systems. Thus, although 
the taurocholate-solubilized oleate and stearate systems had differences 
in precipitation patterns and platelet aggregating activity, the develop- 
ment of a particulate physical state subsequent to taurocholate-fatty acid 
additions to washed platelets appeared to be important. 


To investigate the dependence of fatty acid-induced platelet aggre- 
gation on a particulate physical state, oleate and palmitate were solubi- 
lized with albumin. The final albumin concentration subsequent to the 
addition to the washed platelets was 4 g %, which was sufficient to prevent 
precipitation of both 600 p M  oleate and palmitate (Figs. 11 and 12). 
Under these conditions, the fatty acids were devoid of aggregating activity 


(Fig. 6) and did not lyse platelets, suggesting a particulate form of the 
free fatty acid was necessary to elicit the aggregation response. 


The effects of alprostadil, epoprostenol, and indomethacin on the 
platelet response to taurocholate-solubilized oleate and stearate were 
examined (Figs. 9 and 10). These agents had no discernible effect on the 
platelet aggregation reaction except where induced by taurocholate- 
solubilized 320 pM oleate. In this case, epoprostenol appeared to enhance 
aggregation by preventing the second phase lysis (Fig. lob).  This in- 
creased resistance to cell damage associated with prostaglandin exposure 
was previously noted with red blood cells and gastric mucosal cells 
(42-45). 


The ineffectiveness of alprostadil, epoprostenol, and indomethacin 
a t  inhibition of solubilized or suspended fatty acid-induced platelet 
aggregation suggested that the aggregation was independent of nucleotide 
release from endogenous storage granules within the platelets, cyclic 
AMP-related cytosol calcium shifts, and endoperoxide-thromboxane 
A2 mechanisms. A particulate physical state for the fatty acids appeared 
to be prerequisite for platelet aggregating activity. The greater platelet 
aggregating activity, in general, of the taurocholate-solubilized systems 
(Fig. 4) suggests that specific particle-size and number requirements exist 
for optimal interaction, which are best achieved as the fatty acids pre- 
cipitate out of the solubilized state. Based on normal particle growth 
kinetics, it is expected that the average particle size of these precipitates 
present during the aggregation process would he considerably smaller 
than the average particle size of the nonsolubilized suspensions. 


Thus, fatty acid-induced platelet aggregation did not fit the scheme 
developed in the basic platelet reaction hypothesis (23). Rather, a direct 
physical interaction of fatty acid particles with platelets, leading to 
aggregation, appeared to  be consistent with the observations. Although 
the precise role of calcium in these reactions remains unknown, the for- 
mation of calcium bridges between negatively charged fatty acid particles 
and negatively charged platelets (46) would account for both the par- 
ticulate fatty acid physical state requirements and the ineffectiveness 
of the aggregation inhibiting agents. 
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Abstract The pharmacokinetic profile of sulfisoxazole was studied 
and compared in dogs, swine, and humans. The trial was conducted over 
a 72-hr period after intravenous administration and a 96-hr period after 
oral administration in dogs and swine. In humans, the trial was conducted 
over an 8-hr period after oral administration. A two-compartment model 
system was used to define the pharmacokinetic profile. The mean half- 
lives for the distribution phase were 4.08,1.30, and 0.56 hr in dogs, swine, 
and humans, respectively. For the elimination phase, the mean half-lives 
were 33.74,46.39, and 7.40 hr in dogs, swine, and humans, respectively. 
The mean volume of the central compartment was approximately the 
same in dogs and swine, 10.6 and 10.5 liters, respectively. Humans had 
a smaller volume of distribution, 7.7 liters. The steady-state volumes of 
distribution were 17.2,30.3, and 16.2 liters in dogs, swine, and humans, 
respectively. Dogs and swine excreted 42.2 and 30.7%, respectively, of the 
intravenous dose and 29.4 and 18.3%, respectively, of the oral dose. The 
bioavailability was 69.8% in dogs and 100.0% in swine. The fraction of 
drug bound ranged from 30 to 50% in dogs, 40 to 60% in swine, and 25 to 
40% in humans. 


Keyphrases 0 Sulfisoxazole-pharmacokinetics in humans, dogs, and 
swine Pharmacokinetics-sulfisoxazole, comparison in humans, dogs, 
and swine 0 Antibacterials-sulfisoxazole, pharmacokinetics in humans, 
dogs, and swine 


Sulfisoxazole is an effective antibacterial agent often 
used in the treatment of urinary tract infections. Previous 
studies in dogs, swine, and cattle only measured blood 
levels of sulfisoxazole and sulfisoxazole acetyl following 
intravenous (I), subcutaneous (l), oral (2), and peritoneal 
(1) administrations. No detailed pharmacokinetic analyses 


were undertaken to characterize the absorption, distri- 
bution, metabolism, and excretion of sulfisoxazole in these 
animals. Likewise, human studies (3-5) of sulfisoxazole 
after single oral ingestion were limited to the measurement 
of blood concentrations of the parent drug and the acetyl 
metabolite. In one study (2), the steady-state blood level 
was measured following multiple-dose administration. 


The first complete pharmacokinetic study in humans 
was conducted by Kaplan et al. (6) in which sulfisoxazole 
was administered intravenously, intramuscularly, and 
orally. Pharmacokinetic parameters were determined and 
availability was assessed. The present study compared 
sulfisozaxole pharmacokinetics in dogs, swine, and hu- 
mans. 


EXPERIMENTAL 


Materials-A 12.5% sulfisoxazolel solution was prepared with lithium 
hydroxide. The solution was filtered and placed in sterile 50-ml ampuls 
before use. Sulfisoxazole acety12 was used as a reference standard for 
serum and urinary metabolite assay. All chemicals and solvents used in 
the high-performance liquid chromatographic (HPLC) assay were high 
purity solvents3 and were filtered before use. 


Experimental Model-The trial consisted of three female dogs (-2 


1 Hoffmann-La Roche, Nutley, N.J. 
Acetyl-N4-sulfisoxazole, Hoffmann-La Roche, Nutley, N.J. 
Burdick &Jackson solvents, Bodman Chemical Co., Doraville, Ga. 


0022-354918 1/ 0900-098 1$0 1. 00/ 0 
@ 198 1, American Pharmaceutical Association 


Journal of Pharmaceutical Sciences 1 981 
Vol. 70, No. 9, September 1981 








High-pressure Liquid Chromatographic Determination of 
Methscopolamine Nitrate, Phenylpropanolamine 
Hydrochloride, Pyrilamine Maleate, and Pheniramine 
Maleate in Tablets 
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Abstract 0 Methscopolamine nitrate, phenylpropanolamine hydro- 
chloride, pyrilamine maleate, and pheniramine maleate were determined 
in a multilayer film-sealed tablet with an enteric-coated core by re- 
versed-phase high-pressure liquid chromatography without interference 
from active components and/or matrix decomposition. 


Keyphrases Methscopolamine nitrate-high-pressure liquid chro- 
matographic analysis, tablets Phenylpropanolamine hydrochlo- 
ride-high-pressure liquid chromatographic analysis, tablets 0 Pyril- 
amine maleate-high-pressure liquid chromatographic analysis, tablets 


Pheniramine maleate-high-pressure liquid chromatographic analysis, 
tablets High-pressure liquid chromatography-simultaneous deter- 
mination of methscopolamine nitrate, phenylpropanolamine hydro- 
chloride, pyrilamine maleate, and pheniramine maleate in tablets 


Phenylpropanolamine, pyrilamine, pheniramine, and 
tropane alkaloids are active components employed in cold 
preparations. Simultaneous analysis of these compounds 
is complicated by the low concentration of tropane alka- 
loids in relationship to the other three amines and by the 
weak UV absorbance of the tropane alkaloid molecule. 


BACKGROUND 


Various spectrophotometric methods have been employed for the 
analysis of phenylpropanolamine, pheniramine, and pyrilamine; however, 
extensive sample cleanup and separation are involved prior to the UV 
finishes (1, 2). Colorimetric methods and other indirect UV methods 
employed for the determination of methscopolamine and other tropane 
alkaloids are tedious and nonspecific (3-5). 


Various stability-indicating high-pressure liquid chromatographic 
(HPLC) and GLC methods were reported for the determination of 
products containing one or more tropane alkaloids (6-12). The problem 
of simultaneously determining scopolamine and atropine with a pre- 
ponderant concentration of phenylpropanolamine and chlorpheniramine 
was addressed by Santoro et al. (13) using GLC. However, this method 
also involved tedious sample preparation prior to injection. 


The procedure described in the present study for the simultaneous 
determination of methscopolamine nitrate, phenylpropanolamine hy- 
drochloride, pyrilamine maleate, and pheniramine maleate is rapid and 
stability indicating. 


EXPERIMENTAL 


Reagents-Phenylpropanolamine hydrochloride1, pyrilamine ma- 
leate2, pheniramine maleate3, methscopolamine nitrate4, tropic acid5, 
and acetonitrile'j were used as obtained. Ethylenediamine sulfate was 
prepared by precipitating the salt from an aqueous solution of ethyl- 
enediamine5 and sulfuric acid with methanol. All other chemicals were 
reagent grade and were used without further purification. 


Apparatus-A constant-flow high-pressure liquid chromatograph7 


~ 


R. W. Greeff & Co., Dolton, IL 60419. 
Sandoz Ltd., Basel, Switzerland. 
Delamar, Elk Grove Village, IL 60007. 
Henley & Co., Lake Bluff, IL 60044. 
Aldrich Chemical Co., Milwaukee, WI 53233. 
HPLC grade, Fisher Scientific Co., St. Louis, MO 63132. ' Model 6000A. Waters Associates, Milford, MA 01757. 


was used in conjunction with a variable-wavelength detector*. Effluents 
were monitored at  216.5 nm. Peak areas were determined using an elec- 
tronic digital integratorg. The stainless steel column (25 cm X 4.6 mm 
id.) was obtained prepacked with 10-pm reversed-phase materialL0. An 
automatic injection system was used to introduce the sample onto the 
column inlet". 


M ethylenediamine sulfate buffer 
adjusted to pH 7.44 f 0.02 with 1 M ammonium hydroxide-acetonitrile 
(1:l v/v). The mobile phase was prepared fresh daily, and the flow rate 
was 3.8 ml/min. 


Sample-The formulation investigated was a film-sealed tablet with 
an outer layer and an enteric-coated core12. The samples were assayed 
initially and after extended storage a t  elevated temperatures. 


Ten tablets were crushed between paper and transferred to a 500-ml 
volumetric flask. Then 250 ml of 0.05 N hydrochloric acid in 50% alcohol 
was added. The preparation was heated for 15 min on a steam bath and 
shaken automatically for 2 hr. The sample was diluted to volume with 
water and filtered through glass microfiber13. The standard was prepared 


The mobile phase was 2.85 X 


12) 


I 
0 


Figure 1-Representatiue chro- 
matogram of a tablet. Key: I, ex- 
cipients; 2, phenylpropanolamine; 
3, methscopolamine; 4, excipient; 
5, pyrilamine; and 6, phenira- 
mine. 


I I I I  
5 10 15 20 


MINUTES 


~~ 


Model 450, Waters Associates, Milford, MA 01757. 
9 Model 730, Waters Associates, Milford, MA 01757. 


lo Partisil-10-ODS, Whatman, Clifton, NJ 07014. 
11 Model 710A, Waters Associates, Milford, MA 01757. 
l2 Dorsey Laboratories, Lincoln, NE 68501. 
l3 GFIA, Whatman, Clifton, NJ 07014. 
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Table I-Recoverv of Active Ingredients 


Label, Assay, 
Active Ingredient mdtablet mg/tablet CVa 


Phenylpropanolamine 
~ ~~ 


50 49.9 0.57 
hydrochloride 


Methscopolamine nitrate 4 
Pvrilamine maleate 25 


3.95 1.35 
24.8 1.14 


Pheniramine maleate 25 25.4 0.63 


Standard deviation from the mean of 10 determinations divided by the mean 
expressed as a percent. 


simultaneously in the same manner. The resulting theoretical concen- 
trations of active components in the preparation were 1.0 mg of phenyl- 
propanolamine hydrochloride, 0.5 mg of pyrilamine maleate, 0.5 mg of 
pheniramine maleate, and 0.08 mg of methscopolamine nitrate. 


Assay-Thirty microliters of standard and sample preparations was 
injected into the chromatograph, and the peak areas were determined. 
The quantity of active components was determined by comparing the 
peak area of the sample to the respective peak area of the standard of 
known concentration. 


RESULTS AND DISCUSSION 


The recovery and coefficient of variation for each active component 
are shown in Table I. The standard demonstrated linearity for the four 
active ingredients over a region of f20% of the theoretical product con- 
tent. The addition of a sample blank to the standard resulted in less than 
a fl% effect for all active components. Figure 1 represents a typical 
chromatogram. 


Tropane alkaloids are subject to degradation by both hydrolysis and 
dehydration. The degradation pathway of methicopolamine is shown 
in Scheme I (6-8). Tropic acid, methscopine, and aposcopolamine were 
resolved from all peaks. Tropic acid eluted at  the void volume, and 
aposcopolamine eluted after methscopolamine (Fig. 2). Methscopine has 
little UV absorbance at  this wavelength and concentration and was not 
detected. Figure 3 represents a sample spiked with tropic acid and 
aposcopolamine bromide. 


The degradation pathway of phenylpropanolamine is not established. 
However, stability-indicating spectrophotometric methods such as 


Figure 2-Chromatogram of meth- 
scopolamine and its UV-active deg- 
radation products. Key: I ,  tropic acid; 
2, methscopolamine; and 3, aposco- 
polamine. 


MINUTES 


periodate oxidation of phenylpropanolamine to benzaldehyde followed 
by extraction into hexane (1) indicate that the molecule is subject to 
decomposition in pharmaceutical preparations with time at normal and 


CH,OH + H,O 


I 
I 


I 
C6H5 + 


HOOCCH g=j b C C H  y H -  C6Hs 
I1 


0 


Figure 3-Representative chro- 
matogram of sample spiked with 
tropic acid and aposcopolamine 
bromide. Key: 1, tropic acid and 
excipients; 2, phenylpropanol- 
amine; 3, methscopolamine; 4, 
excipient; 5, aposcopolamine; 6, 
pyrilamine; and 7, pheniramine. 


III 


IV 
Scheme I-Degradation pathway of methscopolamine nitrate (I) to 
tropic acid (II), methscopine nitrate (III), and aposcopolamine 


methylnitrate (IV). 
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elevated temperatures. While the degradation products of phenylpro- 
panolamine cannot be quantified by this method, a significant decrease 
in phenylpropanolamine was observed in stressed samples. Assay results 
for fresh and stressed samples by periodate oxidation correlated well with 
this assay, thus supporting the stability-indicating properties of this assay 
for phenylpropanolamine. 


The recovery of the antihistamines, pyrilamine maleate5 and phenir- 
amine maleate, from a tablet matrix containing resinous material became 
increasingly difficult as the tablet was subjected to stress. Consequently, 
the acidic-alcoholic sample solution was exposed to heat to free the re- 
maining antihistamines from the matrix. 


In general, the chromatograms of stressed samples showed a decrease 
in phenylpropanolamine and methscopolamine but no loss in the 
pheniramine or pyrilamine content. There was no indication that ex- 
cipients or degradation products interfered with the four peaks. 


Careful control of buffer pH was necessary to obtain adequate sepa- 
ration of the pyrilamine and pheniramine peaks. The monitoring wave- 
length of 216.5 nm was selected as the optimum response uersus baseline 
noise for the four species. At this wavelength, trace amounts of a-ami- 
nopropiophenone, a precursor and possible trace contaminant in phe- 
nylpropanolamine, do not absorb to a significant amount. 
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Abstract Several congocidine analogs were synthesized and tested 
for in uiuo activity against Trypanosoma congolense and in uitro activity 
against amastigotes of Leishmania tropica. The tripyrrole derivative, 
p-{ [N-methyl-4-[N-methyl-4-(guanidinoacetamido)pyrrole -2- carboxa- 
mido]pyrrole-2-carboxamido]pyrrole-2-carboxamido}butyroamidine di- 
hydrochloride, was less toxic and more active than congocidine. The 
guanidinoacetyl moiety appears to be a structural requirement for an- 
tiparasitic activity in the congocidine series. 


Keyphrases 0 Congocidine derivatives-tri- and monopyrrole analogs, 
synthesized and evaluated for antiparasitic activity in mice, in uiuo and 
in uitro studies 0 Structure-activity relationships-tripyrrole derivatives 
of congocidine synthesized and evaluated for antiparasitic activity in 
mice, in uiuo and in vitro studies Antiparasitic activity-tripyrrole 
derivatives of congocidine synthesized and evaluated for act.ivity in mice, 
in uitro and in uiuo studies 


Congocidine (I) and distamycin A (11) are basic oligo- 
peptide antiviral antibiotics isolated from the medium of 
Streptomyces sp. (1-3). The structure of congocidine was 
established by a series of degradations and a total synthesis 
(4 ,5)  and was shown to be identical to that of netropsin, 
which was isolated from a medium of Streptomyces net- 
ropsis (6,7).  


BACKGROUND 


Congocidine (I) and distamycin A (11) are the major components of a 
group of pyrrole amidine antiviral antibiotics. Unlike distamycin A and 
in addition to its antiviral and antibacterial activities (8,9), congocidine 
also shows antiparasitic activity against Trypanosoma congolense (the 
source of its name) and other parasites (1, 2, 7): Little information is 


available on the structural requirements for the antiparasitic activity of 
congocidine. The only reported study (10) demonstrated that replace- 
ment of the N-methylpyrrole ring in congocidine by thiophene, pyridine, 
or benzene led to the loss of its trypanocidal activity. 


Several studies on the distamycin series showed that when distamycin 
A (a tripeptide) was converted to its tetra- or pentapeptide analogs, the 
antiviral and antibacterial activities against some viruses and bacteria 
increased (11-14). At the same time, cytotoxicity was somewhat reduced, 
indicating that the biological and cytotoxic activities were separable. 


A similar observation was made in the congocidine series. Several tri- 
pyrrole derivatives of congocidine were less cytotoxic and more active 
than the parent drug in three tests against Herpes simplex virus (15). The 
present study evaluated the antiparasitic activity of different tri- and 
monopyrrole derivatives of congocidine to establish some structural re- 
quirements in the congocidine molecule. Congocidine and its derivatives 
were tested against Leishmania tropical in vitro in mouse peritoneal 
exudate cells and against T .  congolense2 in uiuo. 


EXPERIMENTAL 


Chemistry-The syntheses of the compounds were described previ- 


Parasitology3-Animals-Male mice of the inbred strains C3H and 
ously (15, 16). 


The L. tropica LRC-L137 strain was obtained from the strain collection of the 
World Health Organization’s International Reference Center for Leishmaniasis 
(WHO-LRC) at the Department of Protozoology, Hadassah Medical School, Je- 
rusalem, Israel. 


The 7’. congolense TREU 1183 strain was kindly supplied by Professor Curtis 
L. Patton, Department of Epidemiology and Public Health, Yale University, New 
Haven, Conn. 


Some of the parasitological work was presented at the annual meeting of the 
Israeli Society of Protozoolo ists (April 1980) and will appear as the following ab- 
stracts: J. El-On,.C. L. Greenglat, D. T. Spira, R. Mechoulam, and M. Bialer, “The 
Effect of Congocidine Derivatives on Leishmania tropica and Trypanosoma eon- 
golense,” in J. Protozoology Supplement (1981). 
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abundance of practical examples. There are many useful illustrations in 
graphical and tabular form as well as numerous high quality photographs. 
All art work is top quality. These volumes will be useful to scientists and 
students involved in controlled-release technologies. 


Reviewed by James W. Ayres 
School of Pharmacy 
Oregon State University 
Coruallis, OR 97331 


Recent Developments in Mass Spectrometry in Biochemistry and 
Medicine, 6. Edited by ALBERT0 FRIGERIO and MALCOLM 
McCAMISH. Elsevier, 52 Vanderbilt Ave., New York, NY 10017.1980. 
553 pp. 16 X 24 cm. Price $83.00. 
This volume is a compilation of the papers from the Proceedings of the 


6th International Symposium on Mass Spectrometry in Biochemistry 
and Medicine, Venice, June 1979. It contains 52 papers from a variety 
of mass spectrometric applications. Similar to the previous series, this 
volume attempts to bring together the latest information on the appli- 
cation of mass spectrometry and research development and methodology 
of mass spectrometry. This objective is met in the area of the latest ap- 
plications in biochemistry and medicine. 


This book discusses various applicational aspects from experts in the 
field and is quite up-to-date. Examples of its applications in lipids, 
prostaglandins, protein sequencing, biogenic amines, metabolite iden- 
tification, pharmacokinetics, placental drug transfer, and physiological 
exchange of endogenous substances are of interest to readers a t  inter- 
mediate to advanced levels in mass spectrometry. It is particularly useful 
to leas sophisticated readers who want to get a glimpse of the field without 
purchasing the previous volumes of the proceedings. Perhaps disap- 
pointing to some experienced researchers is the deficiency in certain 
aspects of applications such as the use of stable isotopes in pharmacology 
and pharmacokinetics. This may reflect a lack of participation of certain 
segment of the biomedical researchers in the symposium. 


In the area of latest developments in instrumentation and methodol- 
ogy, it has somewhat short-changed the reader. Several areas such as mass 
spectrometry-mass spectrometry (multiple mass spectrometry), ion- 
cyclotron mass spectrometry, and high-pressure liquid chromatogra- 
phy-mass spectrometer interface are not covered. Nonetheless, several 
chapters in this area are quite valuable, e.g., the description of the Kratos 
MS 80, the laser microprobe mass analyzer and its applications, low- and 
high-pressure negative chemical-ionization mass spectrometry, and the 
disposable surface probe. 


This book is divided into six general classifications, including quali- 
tative and quantitative studies of endogenous and exogenous compounds, 
instrumentation and methodology, and environmental studies. These 
classifications, although somewhat artificial, are quite helpful in locating 
quickly a particular area of interest. However, it is not understood why 
a paper that discusses the application of the electron-capture detector 
in liquid chromatography without any reference to mass spectrometry 
was included in this book (pp. 317-330). 


This book contains an author index but not a subject index. The former 
does not serve much purpose because no affiliations of the authors are 
provided in this index and the name of the author can already be found 
in the table of contents. The latter, if available, is usually more useful in 
helping readers locate the subject of interest. However, this book is a 
reasonably up-to-date reference book on mass spectrometry. 


Reviewed by Kenneth K. Chan 
School of Pharmacy 
Uniuersity of Southern California 
Los Angeles, CA 90033 


Applied Biopharmaceutics and Pharmacokinetics. By LEON 
SHARGEL and ANDREW B. C. YU. Appleton-Century-Crofts, 292 
Madison Ave., New York, NY 10017.1980.253 pp. 16 X 24 cm. Price 
$18.50. 
This book, intended primarily for undergraduate students in pharmacy 


and allied health professions, emphasizes pharmacokinetic principles 
rather than biopharmaceutics. The first two chapters review elementary 
mathematics and kinetics, and the next three chapters introduce one- 
compartment and multicompartment pharmacokinetic models. Chapter 
6 briefly discusses biopharmaceutics, including absorption mechanisms 
and dosage form diasolution. Chapters 7-11 deal with absorption kinetics, 
bioavailability, clearance, hepatic elimination, and protein binding. 
Chapters 12, 13, and 14 consider intravenous infusions, multiple-dose 
administration, and nonlinear pharmacokinetics, Chapters 15 and 16 
discuss clinical pharmacokinetics, and Chapter 17 describes the kinetics 
of pharmacological effects. 


The book is quite readable, with numerous illustrations. Most chapters 
contain practice problems, along with detailed solutions. In addition, 
questions are included at  the end of each chapter, and answers are pro- 
vided in the Appendiz. One major attribute of the book is the step-by- 
step illustrations given for some of the more common pharmacokinetic 
manipulations (e.g., method of residuals, Wagner-Nelson method, and 
Loo-Riegelman calculation). Only a limited number of references are 
provided, and they are generally in the form of a bibliography at the end 
of each chapter. 


The text appears relatively free from errors, afthough several incorrect 
equations were found, and some generalizations were made that were not 
as widely applicable as the text seemed to imply. On the whole, the book 
provides a reasonable introduction to the material, although the some- 
what superficial discussion of some topics could mislead someone utilizing 
the text without a thorough understanding of the limitation and pitfalls 
in the approaches. However, the book would be suitable as an introduc- 
tory undergraduate text for a course taught by an instructor experienced 
in pharmacokinetics. 


Reviewed by Marvin C. Meyer 
Department of Pharmaceutics 
College of Pharmacy 
University of Tennessee 


Memphis, TN 38163 
Center for the Health Sciences 


Progress in Drug Metabolism, Vol. 5. Edited by J. W. BRIDGES and 
L. F. CHASSEAUD. Wiley, 605 Third Ave., New York, NY 10016. 
1980.358 pp. 15 X 23 cm. Price $85.00. 
This volume is the fifth in a series concerned with various aspects of 


drug metabolism. This volume is similar to the previous four volumes in 
that five to six major, current, and timely topics are reviewed. These 
topics are not necessarily directly related other than that they are con- 
cerned with the general topic of drug metabolism. 


Chapter 1 deals with the distribution and role of cytochrome P-450 in 
extrahepatic organs and in prostaglandin metabolism. Steroidogenic 
organs also are extensively reviewed. The chapter does not include recent 
investigations involving cytochrome P-450 in the intestine and colon, and 
most references are pre-1978, although the volume was published in late 
1980. 


Chapter 2 addresses a topic on which relatively little information exists, 
namely species variations in xenobiotic metabolizing enzymes. The 
chapter is restricted to hepatic metabolism, primarily involving micro- 
somal monoxygenases, epoxide hydratase, and glucuronyltransferase. 
No information is provided on interspecies variation within hepatic and 
extrahepatic tissues. 
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Abstract The pharmacokinetic profile of sulfisoxazole was studied 
and compared in dogs, swine, and humans. The trial was conducted over 
a 72-hr period after intravenous administration and a 96-hr period after 
oral administration in dogs and swine. In humans, the trial was conducted 
over an 8-hr period after oral administration. A two-compartment model 
system was used to define the pharmacokinetic profile. The mean half- 
lives for the distribution phase were 4.08,1.30, and 0.56 hr in dogs, swine, 
and humans, respectively. For the elimination phase, the mean half-lives 
were 33.74,46.39, and 7.40 hr in dogs, swine, and humans, respectively. 
The mean volume of the central compartment was approximately the 
same in dogs and swine, 10.6 and 10.5 liters, respectively. Humans had 
a smaller volume of distribution, 7.7 liters. The steady-state volumes of 
distribution were 17.2,30.3, and 16.2 liters in dogs, swine, and humans, 
respectively. Dogs and swine excreted 42.2 and 30.7%, respectively, of the 
intravenous dose and 29.4 and 18.3%, respectively, of the oral dose. The 
bioavailability was 69.8% in dogs and 100.0% in swine. The fraction of 
drug bound ranged from 30 to 50% in dogs, 40 to 60% in swine, and 25 to 
40% in humans. 


Keyphrases 0 Sulfisoxazole-pharmacokinetics in humans, dogs, and 
swine Pharmacokinetics-sulfisoxazole, comparison in humans, dogs, 
and swine 0 Antibacterials-sulfisoxazole, pharmacokinetics in humans, 
dogs, and swine 


Sulfisoxazole is an effective antibacterial agent often 
used in the treatment of urinary tract infections. Previous 
studies in dogs, swine, and cattle only measured blood 
levels of sulfisoxazole and sulfisoxazole acetyl following 
intravenous (I), subcutaneous (l), oral (2), and peritoneal 
(1) administrations. No detailed pharmacokinetic analyses 


were undertaken to characterize the absorption, distri- 
bution, metabolism, and excretion of sulfisoxazole in these 
animals. Likewise, human studies (3-5) of sulfisoxazole 
after single oral ingestion were limited to the measurement 
of blood concentrations of the parent drug and the acetyl 
metabolite. In one study (2), the steady-state blood level 
was measured following multiple-dose administration. 


The first complete pharmacokinetic study in humans 
was conducted by Kaplan et al. (6) in which sulfisoxazole 
was administered intravenously, intramuscularly, and 
orally. Pharmacokinetic parameters were determined and 
availability was assessed. The present study compared 
sulfisozaxole pharmacokinetics in dogs, swine, and hu- 
mans. 


EXPERIMENTAL 


Materials-A 12.5% sulfisoxazolel solution was prepared with lithium 
hydroxide. The solution was filtered and placed in sterile 50-ml ampuls 
before use. Sulfisoxazole acety12 was used as a reference standard for 
serum and urinary metabolite assay. All chemicals and solvents used in 
the high-performance liquid chromatographic (HPLC) assay were high 
purity solvents3 and were filtered before use. 


Experimental Model-The trial consisted of three female dogs (-2 


1 Hoffmann-La Roche, Nutley, N.J. 
Acetyl-N4-sulfisoxazole, Hoffmann-La Roche, Nutley, N.J. 
Burdick &Jackson solvents, Bodman Chemical Co., Doraville, Ga. 


0022-354918 1/ 0900-098 1$0 1. 00/ 0 
@ 198 1, American Pharmaceutical Association 
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Table I-Two-Compartment Pharmacokinetic Parameters in Dogs Administered Sulfisoxazole as a Single Intravenous Dose 


Subject t 1 / ~ . ~ ,  hr tiiz.a, hr V1, liters Vp, liters k12, hr-l k21, hr-I klo ,  hr-' ClT, liters/hr 


1 4.61 35.18 9.03 2.95 0.0068 0.0208 0.1424 1.29 


6 3.50 33.64 9.84 7.29 0.0169 0.0228 0.1791 1.76 
Mean 4.08 33.74 10.60 6.55 0.0140 0.0228 0.1565 1.65 
SD 0.60 2.17 1.83 2.59 0.0049 0.0022 0.0200 0.30 


years old, 20.0 i 1.0 kg), six female pigs (-3 months old, 20.0 i 1.0 kg), 
and six male human volunteers (25-30 years old, 7(1-80 kg). The dogs were 
administered 100 mg of sulfisoxazole/kg by intravenous and oral routes 
in two replicates for each route with a 30-day rest period between ad- 
ministrations. The pigs also were administered 100 mg of sulfisoxazole/kg 
by intravenous and oral routes with a 21-day washout period. All animals 
were housed in metabolism cages and were maintained on a commercial 
diet4 with ad libitum access to water. 


Sulfisoxazole was administered both orally and intravenously as a 
12.5% solution to dogs and swine. The human volunteers received 2.0 g 
of sulfisoxazole in a single oral dose. Due to the potential toxicity of in- 
travenous administration of sulfisoxazole and its removal from the drug 
market, the Human Research Committee of the University of Florida 
would not allow intravenous administration to humans. 


Sampling Schemes-For dogs and swine, blood samples were taken 
at 0.5,1,2,3,4.5,6,9,12,22,32,44,56, and 72 hr after intravenous ad- 
ministration and at 0, 1,2,4,6,8, 10,12,14, 23,32,44,56,76, and 96 hr 
after oral administration. Total urine was collected daily by natural 
voiding for up to 4 days. Human blood samples were collected at 0,1,2, 
4, 6, and 8 hr after oral administration. Urine was not collected in the 
human trial. Blood samples were taken from the cephalic vein in dogs 
and humans and uia the anterior vena cava in swine. Serum and urine 
samples were frozen at -4' for up to 14 days before analysis. 


Assay for Sulfisoxazole and Sulfisoxazole Acetyl-Sulfisoxazole 
and sulfisoxazole acetyl in plasma and urine were analyzed by a re- 
versed-phase HPLC technique developed in these laboratories (7), using 
a 60% distilled water-40% methanol liquid phase with acetate buffer 
added to reduce the pH to 4.00. The detection limit for this assay was 10 
ng/ml for both sulfisoxazole and the acetyl metabolite a t  254 nm5. 


Serum samples were injected directly into the HPLC system, which 
was fitted with an in-line precolumn6. Unbound, unmetabolized sulfi- 
soxazole and sulfisoxazole acetyl were extracted by cooling 25.0 ml of 
urine to 4' in an ice bath; sufficient 6 M HCl was added to reduce the pH 
to 3.0. After 5 min, 15.0 ml of chloroform3 was added, the solution was 
removed from the ice bath, and extraction was completed in 5 min by 
swirling the solution once per minute. The chloroform was removed and 
evaporated under nitrogen, and the residue was reconstituted with 
methanol3. The peak height ratio was used to calculate the concentration 
of unbound, unmetabolized sulfisoxazole and sulfisoxazole acetyl with 
sulfathiazole as the internal standard. 


Both serum and urine samples were spotted on TLC plates (8 )  to de- 
termine if other metabolites were present. All spots were accounted for 
without the elution of other metabolites. 


Plasma Protein Binding-Human plasma samples, prepared at  
concentrations of 25,50,100,200,300,400, and 500 pg of sulfisoxazole/ml, 
were dialyzed against 2.0 ml of pH 7.4 phosphate buffer. The dialysate 
was collected and analyzed for sulfisoxazole content. Protein binding of 
plasma samples collected from dogs, swine, and humans at  various time 
intervals also was determined by equilibrium dialysis. The fraction of 
the drug bound was defined as CfICt, where Cf is the drug concentration 
in the dialysate and Ct is the drug concentration in the plasma at  the 
completion of equilibrium dialysis. 


Data Analysis-A two-compartment open body model was applied 
to the analysis of plasma sulfisoxazole data after intravenous adminis- 
tration using a NONLIN program (9). Pharmacokinetic parameters, 
including a, 0, hl2, k z l ,  klo, Vl, and Vz, were defined from the curve fit- 
ting. Plasma clearance was defined from the model as kloV1, where V1 
is the distribution volume of the central compartment. Renal clearance 
was defined as leClt, where fe is the fraction of sulfisoxazole excreted 


Purina Dog Chow, Ralston-Purina Co., St. Louis, Mo., and 18% protein swine 
feed, University of Florida Swine Unit, Gainesville, Fla. 


5 Model 440 absorbance detector, Waters Associates, Milford, Mass. 
6 Corasil, Waters Associates, Milford, Mass. 


unchanged in the urine. The volume of the peripheral compartment (VZ) 
was defined from the model k12V1= kzlVz. 


Bioavailability of sulfisoxazole following solution administration to 
dogs and swine was determined by the urinary excretion method. The 
unchanged sulfisoxazole excreted in the urine in 72 hr was compared for 
oral and intravenous administration. The AUC (area under the plasma 
concentration-time curve) method was not applied to the determination 
of bioavailability in this investigation due to the discrepancies in terminal 
half-lives observed following intravenous and oral administration. This 
discrepancy could be due to the erratic absorption of the oral dose. The 
half-life of sulfisoxazole following oral administration to humans was 
determined from the log-linear slope of the plasma concentration-time 
curve. No attempt was made to assess the oral bioavailability in hu- 
mans. 


RESULTS 


In the 72-hr period following intravenous administration in the dog, 
sulfisoxazole levels showed hiexponential decay (Fig. 1). The &phase 
half-life in these animals had a mean of 33.74 hr, while the a-phase 
half-life ranged from 3.5 to 5.0 hr (mean 4.08). Mean values for the volume 
of the central pool and the steady-state volume of distribution were 10.60 
and 17.15 liters, respectively. Serum sulfisoxazole clearance ranged from 
1.39 to 2.15 liters/hr (mean 1.65). The fraction of the dose eliminated 
unchanged was 42.2%. Renal clearance averaged 0.7 liter/hr. Phar- 
macokinetic parameters of the two-compartment model in dogs following 
intravenous sulfisoxazole administration are summarized in Table I. 
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Figure 1-Serum concentrations of unbound, unmetabolized sulfi- 
soxazole in dogs. 
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Table 11-Two-Compartment Pharmacokinetic Parameters in Swine Administered Sulfisoxazole as a Single Intravenous Dose 


Subject tl/z,u, hr tliz.o, hr V1, liters Vp, liters k 12, hr-' k z l ,  hr-* klo, hr-l C ~ T ,  liters/hr 


1 
2 
3 


1.21 31.64 12.76 11.98 0.0214 0.0228 0.5509 7.03 
1.36 36.67 15.65 24.65 0.0317 0.0202 0.4782 7.48 
1.18 56.34 8.20 15.70 0.0247 0.0129 0.5631 4.62 


4 1.31 64.77 9.58 33.12 0.0401 0.0116 0.4876 4.67 
5 1.32 42.11 7.57 15.73 0.0293 0.0141 0.4931 3.73 
6 1.40 46.82 9.09 17.49 0.0304 0.0158 0.4647 4.22 
Mean 1.30 46.39 10.48 19.76 0.0296 0.0162 0.5063 5.29 
SD 0.09 12.39 3.11 7.75 0.0064 0.0044 0.0406 1.56 


The plasma levels in swine following intravenous administration also 
were biexponential (Fig. 2) and were analyzed by a two-compartment 
model. The a- and @-phase half-lives in swine had means of 1.30 (range 
1.18-1.40) and 53.33 (range 31.64-64.77) hr, respectively. The mean 
volumes were 10.48 and 30.24 liters for the central and steady-state pools, 
respectively. Plasma clearance ranged from 3.73 to 7.48 litershr (mean 
5.29). Based on the percent of dose excreted unchanged (18.2%), the av- 
erage renal clearance was 0.96 literhr. Pharmacokinetic constants of the 
two-compartment model in six swine following intravenous sulfisoxazole 
administration are recorded in Table 11. 


Following oral administration of sulfisoxazole to dogs, the peak plasma 
concentrations, ranging from 122.3 to 165.0 pg/ml, occurred at  1 hr. The 
peak time for swine occurred at  1 hr with much lower peak concentrations 
of 32.8-100.6 pg/ml. Sulfiioxazole acetyl reached a maximum of 12.1-20.0 
pg/ml in 2-4 hr in all six pigs. The @-phase half-life of the acetyl metab- 
olite was estimated to range from 23.2 to 37.9 hr with a mean of 31.0 f 
5.3 hr in pigs. Dogs either do not metabolize many aromatic amine com- 
pounds through acetylation or else possess a deacetylase that precludes 
analysis of the acetyl derivative (10). Sulfisoxazole acetyl was not ob- 
served in the urine or serum of dogs administered sulfisoxazole. 


Following oral sulfisoxazole administration to humans, the plasma data 
were analyzed by a one-compartment model. Two-compartment analysis 
was not possible due to the lack of sampling in the 1st hr. The peak con- 
centration of the unmetabolized sulfisoxazole occurred in <1 hr following 
oral administration, although the exact time was not known (Fig. 3). The 
rapid absorption of sulfisoxazole following oral administration was due 
to the drug being given as a solution. The @-phase half-life of sulfisoxazole 
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Figure 2-Serum concentrations of unbound, unmetabolized sulfi- 
soxazole (- - -) and sulfisoxazole acetyl (-) in swine. 


ranged from 6.0 to 8.8 hr with a mean of 7.41 f 0.59 hr. The half-life of 
sulfisoxazole in humans was not comparable to either the a-phase or the 
@-phase half-life in dogs and swine; however, it was consistent with the 
@-phase half-life reported in a previous intravenous study in humans (6). 
The acetyl metabolite peaked at  4 hr and exhibited a longer 0-phase 
half-life than the parent compound (Fig. 3). The mean biological half-life 
of sulfisoxazole acetyl was 14.1 f 2.2 hr. 


Table 111 records the percent of dose excreted as unchanged sulfisox- 
azole in the urine for the 96-hr period. Dogs and swine excreted 42.2 and 
18.2% of the intravenous dose, respectively, during the trial period. In 
the oral trial, dogs excreted 29.4% of the dose compared to 18.3% excreted 
in swine. 


Sulfisoxazole bioavailability (Table IV), 69.8 and 100% in dogs and 
swine, respectively, was determined from the unchanged drug excreted 
in the urine in 72 hr. Bioavailability of the drug in humans, although not 
available from this study due to a lack of corresponding intravenous data, 
was demonstrated to be complete (6). 


In dogs, the fraction of the drug bound to plasma protein ranged from 
30 to 50% in the sulfisoxazole concentration of 0-240 pg/ml (Table IV). 
In the same concentration range, sulfisoxazole was found to bind swine 
plasma protein from 40 to 60%. In humans, the bound fraction ranged 
from 25 to 40% in the concentration range of 80-200 pg/ml during the 8 
hr following oral sulfiioxazole dosing. The in uitro binding of sulfisoxazole 
to blank human plasma in the range of 25-500 pg/ml was higher (38.9- 
63.0%) than in uiuo binding and showed a concentration dependency. 
These in uiuo plasma protein binding data were quite different from the 
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Figure 3-Serum concentrations of unbound, unmetabolized sulfi- 
sorozole (- - -) and sulfisorazole acetyl (-) in humans. 
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Table 111-Comparison of the Percentage of Sulfisoxazole Dose 
Excreted Unchanged in the Urine in Dogs and Pigs in a 4-Day 
Period 


Dogs Pigs 
Hours Intravenous Oral Intravenous Oral 


24 39.6 26.2 16.1 15.2 
48 41.8 29.1 18.1 17.7 
72 42.2 - 18.2 - 
96 - 29.4 - 18.3 


85% previously reported by Struller (11) but were consistent with the 
Randall et al. (2) report of 25%. 


Table IV lists some mean pharmacokinetic parameters of sulfisoxazole 
in dogs, swine, and humans. Most of these parameters are significantly 
different from one another among species and can be used to evaluate 
the pharmacokinetic closeness of one species to another. 


DISCUSSION 


The mean volume of the central compartment (Vl )  was approximately 
the same in dogs (10.6 liters) and swine (10.5 liters). However, this value 
may become quite different when expressed in terms of lean body weight 
because of the much greater fat content in swine. This condition may 
explain the difference in the extrapolated initial concentration (CO) of 
192.0 pg/ml in dogs and 245.5 pg/ml in swine, although both species were 
given the same total dose. The V1 value in humans was not available from 
this study; however, it could be derived from the Kaplan et al. (6) data 
as 7.7 liters, -30% smaller than that of dogs. The CO was reported as 259.0 
pg/ml in humans, a value 30% greater than that of dogs. The discrepancies 
in V1 and Co are surprisingly consistent and compensated for each other 
in dogs and humans. This observation is in agreement with the dog being 
closer to  humans with regard to fat content. 


The difference in Co also can be explained in part by the peripheral 
volume (VZ)  of 6.6 and 19.8 liters in dogs and swine, respectively. Humans 
had a Vz value (8.5 liters) closer to that of dogs. The larger Vz in swine 
could be due to the greater volume of total body water in young animals 
(12). Three-month-old swine were used in this experiment to eliminate 
the large volume of body fat found in adult animals. 


The distribution ratio defined as kzllklz was greatest in humans (2.31, 
followed by dogs (1.6) and swine (0.55), indicating that the drug returned 
from the peripheral compartment to the central compartment a t  a faster 
rate in humans than in swine (Table IV). This result was logically tied 
to the P-phase half-life of 7.4, 33.7, and 46.4 hr in humans, dogs, and 
swine, respectively, being in the reverse order to the k21/k12 ratio previ- 
ously discussed. The ratio of @/klo (Table IV) was 0.03 in swine and 0.13 
in dogs, and it was reported to be 0.66 in humans (6). This is in the same 
order as kzl/k 12, suggesting that more sulfisoxazole is available for 
elimination from the postdistributive phase in humans than in dogs and 
swine. This pattern also correlated reasonably with the @-phase half-life 
of the drug in these species. 


By the end of the 72-hr intravenous trial in dogs, 42.2% of the dose was 
excreted in the urine as unchanged drug. At the end of 48 and 96 hr after 
oral administration, 29.1 and 29.4% of the dose were excreted, respec- 
tively, indicating that urinary excretion of the drug was complete a t  72 
hr. Therefore, oral sulfisoxazole bioavailability was determined by 
comparing the urinary excretion of the drug following these adminis- 
tration routes. Almost 70% of the dose was available to the general cir- 
culation after oral administration of the drug as a solution to dogs. The 
drug bioavailability in swine was determined in the same manner, and 
a value of almost 100% was obtained (Table IV). Dogs excreted 29.4% of 
the oral dose compared to 18.3% in swine, yet dogs actually exhibited less 


Table IV-Comparison of Mean Pharmacokinetic Constants in 
Dogs, Swine, and Humans 


Constant” Dogs Swine Humans 


kzilkiz 1.63 0.55 2.30b 
0.13 0.03 0.66b 


F, % 69.8 100.0 97.56 
Plk 


r p ,  % 30-50 40-60 25-40 


4 F = bioavailability; rp = percent bound. * Reference 6. 


oral drug absorption. Since both dogs and swine excreted only up to 42.2 
and 18.2% of the intravenous dose, respectively, during the trial period, 
other metabolites probably are present but are not detected by the assay 
method used. Kaplan et al. (6) reported that 52.9% of the dose was ex- 
creted as unchanged sulfisoxazole in humans. No urinary data from the 
present study were available for comparison since the intravenous study 
was not conducted. 


Following oral sulfisoxazole administration to swine and dogs, terminal 
half-lives deviated significantly from those following intravenous ad- 
ministration in each crossover study, particularly in dogs. This finding 
may indicate erratic drug absorption in both species, especially in dogs. 
This erratic absorption may contribute to the incomplete drug absorption 
in dogs. Different physiology of the GI system also may contribute to the 
different extent of drug absorption in dogs and swine. 


Differences did exist for both a- and P-phase biological half-lives, 
bioavailability, plasma protein binding, and urinary excretion among all 
three species. No conclusion can be drawn as to which animal model is 
pharmacokinetically closer to humans. However, dogs appeared to be a 
better model than swine for studying the bilirubin toxicity induced by 
sulfisoxazole administration. The oral dose was responsible for increasing 
the free, unbound bilirubin in dogs without an increase in total bilirubin. 
This result did not occur in humans and swine. This topic will be the 
subject of a separate report. 
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Abstract  0 Tissue distribution studies of [lsF]haloperidol and [s2Br]- 
bromperidol, two potent neuroleptic drugs, were performed in rats by 
serial sacrifice. The usefulness of external scintigraphy in obtaining tissue 
distribution data in large animals is demonstrated by the tissue distri- 
bution of [lsF]haloperidol in rhesus monkeys. Both serial sacrifice and 
external scintigraphic studies demonstrated that uptake of the two drugs 
after intravenous administration into their target organ, the brain, was 
very fast and that the ratio of brain to blood levels was high throughout 
the 2-hr observation. Bromperidol appeared to reach peak brain levels 
faster than its chloro analog, haloperidol. Both bromperidol and halo- 
peridol concentrated overwhelmingly in the rat lung. Haloperidol also 
showed a high affinity for the monkey lung. The disposition pattern in 
rats of [1BF]-~-(4-fluorobenzoyl)propionic acid, an apparent intermediate 
in butyrophenone metabolism, was entirely different from that of the 
parent drugs. This metabolite did not concentrate in the rat brain. 


Keyphrases Haloperidol, radiolabeled-tissue distribution studied 
in rats and rhesus monkeys using external scintigraphy and serial sacrifice 
0 Bromperidol, radiolabeled-tissue distribution studied in rats and 
rhesus monkeys using external scintigraphy and serial sacrifice Ra- 
dionuclides-radiolabeled bromperidol and haloperidol, tissue distri- 
bution studied in rats and rhesus monkeys using external scintigraphy 
and serial sacrifice 0 Neuroleptic agents-haloperidol and bromperidol, 
tissue distribution studied in rats and rhesus monkeys using external 
scintigraphy and serial sacrifice 


The increased availability of short-lived radionuclides 
and radiopharmaceuticals and the growing accessibility 
of y-counting facilities have made external scintigraphy 
a valuable analytical and diagnostic tool in radiopharmacy 
and nuclear medicine. Being noninvasive, external scin- 
tigraphy is particularly useful for providing information 
on the disposition of drugs in humans as well as in large 
mammals where large colonies of isogenic subjects are 
unavailable. Conventionally, such information is obtained 
by extrapolation from experimental animal data and 
measurements of blood and urine levels in humans. Such 
an approach neglects any inter- or intraspecies difference 
and assumes that drug levels in the target organ is pro- 
portional to blood levels. Unfortunately, this assumption 
may not be correct with certain neuroleptics of pharma- 
cological interest. Such a discrepancy requires careful 
consideration, particularly when the dose regimen of a drug 
has to be adjusted on an individual basis. 


External scintigraphic studies using compounds labeled 
with short-lived radionuclides provide at  least a partial 
answer to this problem since such studies can provide in- 
formation about tissue levels in humans. Additionally, 
repeated studies can be done using the same subjects, thus 
eliminating individual differences. In uiuo distribution 
studies with compounds labeled with long-lived radioiso- 
topes such as tritium and carbon 14 suffer from many 
disadvantages, the main one being that they are often in- 
applicable to humans. 


External scintigraphy is particularly useful for short- 
term distribution and kinetic studies with compounds that 
are not metabolized extensively. This is particularly im- 
portant since one main drawback of external scintigraphy 
is that it measures total radioactivity levels. 


The present study attempted to demonstrate the use- 
fulness of external scintigraphy and short-lived radionu- 
clides as analytical tools in short-term tissue distribution 
studies of pharmaceutical drugs. Three butyrophenone 
compounds were chosen: haloperidol (II), ,8-(4-fluo- 
robenzoy1)propionic acid (V), and bromperidol (VII). 


BACKGROUND 


Butyrophenone neuroleptics are a class of compounds whose blood 
levels do not necessarily reflect levels in the target organ or therapeutic 
response. Janssen and Allewijn (1) reported that the neuroleptic activity 
of haloperidol and several other butyrophenones correlated well with the 
drug concentrations in the brain but suggested that blood levels need not 
be related to parameters of interest. Large individual differences also 
seem to exist in the serum levels attained after butyrophenone admin- 
istration. Forsman and Ohman (2) examined the steady-state concen- 
tration of haloperidol in serum in relation to the daily dose and found up 
to 10-fold differences between individuals. Zingales (3) reported, in a 
study of 14 patients, that  a patient who gave a poor response to halo- 
peridol therapy always had the highest plasma levels. These and other 
findings suggest that  a simple correlation might not exist between 
butyrophenone plasma and behavioral changes. Thus, tissue distribution 
studies should be conducted directly in humans to obtain a correlation 
between blood levels, brain levels, and central nervous system (CNS) 
activity. 


Haloperidol (11) is the prototype of the butyrophenone neuroleptics 
and is widely used in the treatment of hypomania, mania, and acute and 
chronic schizophrenia (4). Bromperidol (VII) is the bromo analog of ha- 
loperidol and currently is used in clinical trials. Preliminary reports on 
its pharmacology indicated that VII may have a faster onset and a longer 
duration of action (5, 6). Therefore, it seemed of interest to study the 
tissue distribution patterns of I1 and VII and to compare the times taken 
to reach peak levels in the brain, the target organ. The tissue distribution 
of V, one of their pharmacologically inactive metabolites (71, also was 
studied and compared to that of I1 and VII. 


Metabolism studies (1) with tritiated butyrophenone neuroleptics have 
shown that 2 hr after subcutaneous administration, 80% of the radioac- 
tivity in the brain of rats is due to intact drug. Hence, during short-term 
studies, i t  is expected that metabolites do not contribute significantly 
to radioactivity levels in the various tissues, particularly the brain. 


Neuroleptics I1 and V were labeled with fluorine 18, whereas VII was 
labeled with bromine 82. 


Fluorine 18 is a pure positron emitter (0.635 MeV, p+) with a physical 
half-life of 110 min. The resulting 511 kev annihilation radiation is de- 
tected easily by conventional nuclear medicine instrumentation such as 
external scintigraphy. Bromine 82 has a longer half-life (35.4 hr), and it 
decays with the emission of a /%particle (444 kev maximum energy) fol- 
lowed by several y-rays. The principal photon is centered around 777 kev. 
These high-energy y-emissions cause a “shine through” effect that results 
in distorted scintiphotographs when bromine 82 is used for external 
scintigraphic studies (8). This problem can be avoided by using bromine 
77. Bromine 82 was used for these experiments because it is commercially 
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Scheme I-Principal reaction in the preparation of (18Flhaloperidol 
(ISF-II). 


available. [77Br]Bromperidol can be synthesized in the same manner as 
[82Br] bromperidol. 


The synthesis of [lsF]haloperidol and [82Br]bromperidol was reported 
elsewhere (9,lO). The synthesis of I8F-labeled metabolite V and tissue 
distribution data of all three compounds in the rat and of [18F]haloperidol 
in the rhesus monkey are reported here. 


EXPERIMENTAL 


Preparation of ['sF]Haloperidol (lsF-II)-Production of the ra- 
dionuclide fluorine 18, used for the synthesis of l8F-II, was accomplished 
by the irradiation of water with 22 Mev helium 3 particles produced by 
a cyclotron'. 


['8F]Haloperidol was prepared from the diazonium tetrafluoroborate 
salt (I) (Scheme I) according to the previously published procedure (9). 
The specific activity of the purified product (column chromatography 
on neutral alumina) was 105 pCi/mg. 


Synthesis of ~-(4-Fluorobenzoyl)propionie Acid (V)-To 1.0 g 
(5.17 mmoles) of P-(4-aminobenzoyl)propionic acid (111) (11, 12) was 
added 9.0 ml of 18% HCI (Scheme 11). The mixture was stirred vigorously 
and cooled to 5' in an ice bath. Then lithium tetrafluoroborate (1.59 g) 
in 3 ml of distilled water was added dropwise, followed by 3.0 ml of 10% 
NaN02. The solution was stirred vigorously for 15 min, and no precipi- 
tation was formed. The clear solution mixture was frozen in a dry ice- 
acetone bath and freeze dried for -2 hr until most of the water was re- 


0 


I11 


1. hydrochloric acid, lithium tetrafluoroborate 
2. sodium nitrite I 


IV 
p F -  


0 


V 
Scheme II-Synthetic route for the preparation of [1sF]-p-(4- 


f1uorobenzoyl)propionic acid (laF- V). 
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VI 


copper [s2Brlbromide 
tetrahydrofuranlacetonitrile 
no gas I 
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VII 
Scheme III-Principal reaction in the preparation of [82Br]brom- 


peridol (82Br- VII). 


moved. The slurry was filtered through a sintered-glass funnel, cooled 
in dry ice, and washed with cold water. The brown solid (IV) was freeze 
dried again in vacuo. 


The dry tetrafluoroborate salt (IV) subsequently was pyrolyzed in 
xylene-dioxane (3:l) at  145' for 15 min, and the solvent mixture was 
evaporated on a rotary evaporator to dryness. The dark-brown pyrolysate 
was then dissolved in 5% aqueous sodium hydroxide. The solution was 
filtered through a sintered-glass funnel, and the filtrate was acidified with 
5% HCl until it was acidic to litmus paper. The acidic solution was then 
extracted with three 15-ml portions of chloroform. The extracts were 
combined, dried with sodium sulfate, and evaporated to dryness on the 
rotary evaporator to yield 0.48 g (47.3% yield) of V, mp 100-105' [lit. (13) 
mp 102-103'1. The identity of V was proven unequivocally by mixed 
melting point ( 100-105°) and comparative spectroscopic determinations 
(IR and NMR) with authentic V2. 


Synthesis of [ 1sF]-~-(4-Fluorobenzoyl)propionic Acid ( lSF-V) 
-Fluorine 18 was produced by the Van de Graaff generator through the 
2aNe(d,cu) - lSF nuclear reaction, at  the end of which the glass target 
insert was washed with 7.5 ml of distilled water. The volume of the water 
was reduced to -1 ml by heating at  110' and by blowing nitrogen gas into 
the solution. To the aqueous solution containing 17.2 mCi of fluorine 18 
were added 50 mg of the diazonium salt (IV) and 2.0 ml of acetone. After 
standing for 5 min, the solvents were removed on the rotary evaporator 
at 50'. The residue was dried further in the freeze drier for 30 min, and 
the dried salt subsequently was pyrolyzed in xylene-dioxane (31) as al- 
ready described. 


The dark pyrolysate was dissolved in 5% NaOH, the solution was fil- 
tered, and the filtrate was acidified with 5% HCl. The acidic solution then 
was extracted with three 5-ml portions of chloroform. The extracts were 
combined, dried with sodium sulfate, and evaporated to dryness. The 
residue was washed with ether to yield 24.5 mg (123.2 HCi) of 18F-V. A 
radioscan of the thin-layer cbromatogram of the product, developed in 
chloroform-cyclohexane-acetic acid (20:80:10) using a silica gel plate, 
showed that all activity was coincident with the spot of known V. The 
incorporation of fluorine 18 into the final product (V) was calculated to 
be 2.95%. The specific activity was 5.03 pCi/mg. 


Preparation of [szBr]Bromperidol (s2Br-VII)-[82Br]Bromperidol 
was prepared from the aminoperidol VI according to  the previously 
published procedure (10) (Scheme 111). Copper(I1) [82Br]bromide was 
prepared in situ from potassium [82Br]bromide obtained commercially3. 
The specific activity of the purified product (column chromatography 
on neutral alumina) was 440 pCi/mg. 
In Vivo Distribution Studies-Animals-Two mature healthy male 


rhesus monkeys and several male Sprague-Dawley rats, 300-500 g, were 
used. Monkeys A and B weighed 8.6 and 6.4 kg, respectively. The animals 
were allowed free access to food and water until the time of the experi- 
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Figure 1-Distribution of radioactivity following intravenous injection 
of [lsF]haloperidol (0.01 mglkg, 0.8-0.9 pCi) in vital organs of the rat 
as a function of time. Each point represents average values from two 
rats. Relative concentration as defined by Woodard et al. (14) is: (counts 
of radioactivity in an organltotal radioactivity dose) X (weight of ani- 
mallweight of organ). 


ment. The monkeys were anesthetized with phencyclidine, and the rats 
were anesthetized with pentobarbital sodium solution. 


Dose and Route of Administration-Solutions of [lsF]haloperidol 
(lBF-II), lSF-V and [82Br]bromperidol (S2Br-VII) were prepared imme- 
diately after their synthesis. Both lSF-II and E2Br-VII were dissolved in 
an appropriate volume of solvent mixture containing propylene glycol, 
ethanol, and water at pH 4, and 18F-V was dissolved in the same solvent 
mixture at neutral pH. An aliquot of each solution was counted to de- 
termine the exact dose of radioactivity administered to the animals. 


Monkey A was used for three rectilinear scans and received 0.52 mg 
of lsF-IIIkg (300 pCi) in the left femoral vein. Monkey B was used for 


2ol- A 


0.1 1 I I I I I 
0 20 40 60 80 100 120 


Figure 2-Distribution of radioactivity following intravenous injection 
of [82Brlbromperidol (0.2 mglkg, 19-22 pCi) in various organs of the 
rat as a function of time. Each point represents average values in lungs 
(O), liver (A), kidneys (O),  brain (V), and blood (a) from five rats. 


MINUTES 


2 2-32M I N 


12- 21 M I N  


3 3 - 4 3 M  I N 
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Figure 3-Sequential computer-analyzed displays following intraue- 
nous injection of [lsF]haloperidol to a monkey, illustrating actiuity 
concentration in the brain and lung as a function of time. 


y-camera scannings and received 1.05 mg of lSF-II/kg (200 pCi). The rats 
received 0.01 mg of lsF-II/kg (0.8-0.9 pCi), 0.01 mg of 18F-V/kg (0.02-0.04 
pCi), or 0.2 mg of s2Br-VII/kg (19-22 pCi). 


Tissue Distribution Studies-Following drug administration, the 
rats were sacrificed at various time intervals; a blood sample was with- 
drawn, followed by removal of the various organs. The samples were 
counted in a scintillation well-counter and corrected for decay. Radio- 
nuclide concentrations in the various organs were expressed by the rel- 
ative retention method of Woodard et al. (14). Relative retention is de- 
fined as: (counts of radioactivity in an orgadtotal radioactivity dose) X 
(weight of animallweight of organ). A high-energy y-scanner was used 
for the rectilinear scans of Monkey A. The scans were performed 22,82, 
and 142 min postinjection. Monkey B was used for the kinetic isotope 
distribution study with a y-camera4 (15). 


RESULTS 


The distribution of lSF-II, lSF-V, and a2Br-VII in the vital organs of 
the rat as a function of time was determined by serial sacrifice of the 
animals. Figure 1 shows concentrations of fluorine 18 radioactivity (ex- 
pressed as relative concentration) in various rat organs as a function of 
time after intravenous administration of 'SF-11. A similar plot for the 
bromine 82 concentrations obtained after intravenous administration 
of 82Br-VII is shown in Fig. 2. The uptake of both I1 and VII into the 
target organ (brain) was very rapid. The bromine 82 concentration in the 
brain was already declining 15 min after administration, whereas the 
fluorine 18 concentration reached maximum levels 30 min after admin- 
istration. Both I1 and VII were found to concentrate overwhelmingly in 


~~ ~~ ~ 


4 Total organ kinetic imaging monitor, TOKIM. 
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Table I-Tissue Distribution of [ 18F]Haloperidol (l8F-1I) at 
Various Time Intervals in Monkey A a  


.***,***e****.**** *.Q** 
a***.* 


Organ 
Percent Activity 


22 min 82 min 142 rnin 
~~~ ~ 


Brain 2.3 
Lungs 5.2 
Liver 12.4 
Kidnevs 8.0 


4 Values represent percent activity in different areas (rectilinear scanning) over 
Monkey A. Loading dose was 0.52 mgkg iv (300 pCi). 


the lungs (Figs. 1 and 2, respectively), possibly due to their high lipo- 
philicity. Their uptake by the liver also was very fast and continued 
throughout the observation period. Their blood levels, however, were 
relatively constant and much lower than the levels in the other organs. 
These data are in excellent agreement with those of Lewi et al. (16) who 
did experiments in rats with [3H]haloperidol. 


External imaging for the distribution of 18F-II in the monkey was ac- 
complished using the y-camera (15). Figure 3 shows sequential com- 
puter-analyzed displays obtained after intravenous administration of 
lSF-II. The results of the dynamic study are presented in Fig. 4. The 
uptake of I1 in the monkey lung was extremely rapid and reached a 
maximum level in the first 13 min. The initial uptake rate in the brain 
during this period also was fast. Between 10 and 20 min postinjection, 
the activity in the lungs did not change appreciably while that in the brain 
increased. After 20 min, the activity in the lung appeared to decrease (Fig. 
4); a sharp decrease of activity was noted between 30 and 60 min. In 
contrast, however, the activity in the brain of the monkey did not change 
significantly over the same time interval. After 2 hr, the concentration 
of the drug and its metabolites was considerably decreased in the monkey 
lungs but remained at  high levels in the brain (Fig. 3). In this connection, 
Janssen and Allewijn (1) showed that -80% of the intact drug and 20% 
of its metabolites could be detected in the brain of the rat 2 hr after 
subcutaneous injection. 


To obtain more information on the distribution of lSF-II, three recti- 
linear scans were performed on Monkey A at  22,82, and 142 min post- 
injection with the high-energy y-scanner. Areas on the scan images cor- 
responding to brain, lungs, liver, and kidneys were analyzed for activity 


4 8  


BRAIN 


ARM 


2000' 


1000 


600 
2 
0 400 
I- z 
w 
t; u 200. 
w z 


20 


1 L O o O  


20 40 60 80 100 120 
MINUTES 


Figure 5-Distribution of lSF- V (0.01 mglkg, total radioactivity dose 
2-4 X pCi) in vital organs of the  rat as a function of time. Each 
point represents average values f rom two rats. 


content by computer techniques. The percentage of the injected dose in 
each area was obtained by dividing the total counts in the selected areas 
by the counts from the whole body of the monkey. From Table I, it can 
be seen that the brain uptake of I1 in Monkey A approached near maxi- 
mum level in 22 min and remained fairly constant with time. These re- 
sults are consistent with those obtained with Monkey B utilizing kinetic 
imaging (Fig. 4). The activity in the lungs and liver reached a maximum 
within 22 min. After 82 min, the activity in these sites started to decrease. 
Here again, the results obtained with the scanner on Monkey A paralleled 
those obtained by imaging on Monkey B. From the computer printouts, 
it was estimated that -34.6% of the total radioactive dose could be de- 
tected in the bladder of Monkey A 82 rnin after injection; 44.6% was found 
after 142 min. 


The metabolite of I1 (V), which was synthesized utilizing a Schiem- 
ann-type reaction (Scheme II), was injected into rats. The rats were 
sacrificed at different times as in the distribution study of 11. Each organ 
was assayed in the scintillation well-counter, and the counts were cor- 
rected for decay. The relative concentration of radioactivity in vital organs 
was calculated according to the method of Woodard et at. (14). From Fig. 
5, it can be seen that a sharp drop in plasma levels was observed over a 
1-hr period following intravenous injection of lSF-V, indicating a very 
fast distribution phase. The brain uptake was negligible, and the excretion 
rate from the kidney was very rapid. Elimination of V from the liver also 
was rapid. 


DISCUSSION 


An attempt was made to demonstrate the usefulness of short-lived 
radioisotopes coupled with serial sacrifice andlor external scintigraphy 
in obtaining short-term distribution pharmacokinetic data. The tissue 
distribution of two butyrophenone neuroleptics and one of their me- 
tabolites in rats and monkeys was compared. The main emphasis was on 
the levels of these compounds in the target organ, the brain. As already 
discussed, brain levels are the apparent parameter of interest in buty- 
rophenone therapy; in humans, these levels can only be measured using 
external scintigraphy. 


The uptake of haloperidol (11) and bromperidol (VII) by rat brain was 
faster than the uptake of 11 by monkey brain. However, the uptake was 
relatively fast in both animals, with the monkey brain showing an ap- 


988 I Journal of Pharmaceutical Sciences 
Vol. 70, No. 9, September 7981 







parent slow but continuous accumulation of fluorine 18 radioactivity. 
The pattern observed in the monkey was quite similar to that reported 
for barbiturates and antipyrine (17). Unlike these compounds, however, 
I1 and VII exhibited very high brain to blood levels. These results seem 
to correlate well with the fast onset and prolonged duration of neuroleptic 
effects of I1 and VII. I t  is assumed that during the initial portion of the 
observation period, radioactivity levels reflect concentrations of intact 
drug. Literature data (1) indicate that this assumption is valid. 


Data obtained in the rat seem to indicate that VII may enter the brain 
at  a faster rate than 11. This finding apparently is in agreement with the 
pharmacological observation that VII has a faster onset of action than 
I1 (5, 6). However, the dose of 82Br-VII administered to rats was much 
larger than that of ‘WII .  Hence, the observed difference in the profiles 
of the brain levels of the two drugs also could he attributed to dose- 
dependent kinetics. Lewi et al. (16) obtained data that indicate that early 
uptake of I1 into the brain may be proportional to the administered dose. 
Studies involving brain uptake and dose-dependent kinetics of 18F-II and 
H2Br-VII utilizing external scintigraphy are in progress. 


Compound V is an important intermediate in the metabolism of 
butyrophenone neuroleptics (7). I t  is believed to be the first metabolite 
formed during the oxidative N-dealkylation of these compounds. Com- 
pound V had negligible brain uptake and was eliminated rapidly from 
the liver and kidney after intravenous administration to rats (Fig. 5). 
However, this and subsequent metabolites accounted for -20% of the 
radioactivity found in the brain of rats 2 hr after subcutaneous admin- 
istration of “-11 (1). Since V apparently is not partitioned into the brain, 
one may conclude from these findings that the metabolism of I1 and other 
butyrophenones may occur within the brain. If only the disappearance 
of radioactivity from the blood was followed, the relatively fast redistri- 
bution of V among the various tissues would be missed. External scin- 
tigraphy is a much more effective technique for following the tissue dis- 
tribution of V since it allows continuous accumulation of data from the 
beginning of an experiment. 


It is known that fluoride ions can replace the hydroxyl groups in hy- 
droxyapatite crystals. Since the resulting fluoroapatite is more stable than 
hydroxyapatite, most fluoride ions administered to an animal concentrate 
in its skeleton. The present external scintigraphic studies with the 
monkey showed no accumulation of radioactivity in the area of the pelvis 
and knees. These anatomical areas were found to be regions of high free 
fluoride concentrations in rabbits (18). These data indicated that no 
’Wlabeled free fluoride was produced in uiuo as a result of l8F-II ad- 
ministration. This finding strongly suggests that the carbon-fluorine 18 
bond of the drug was not affected by its metabolism, a fact that is con- 
versant with its high bond strength. Although the carbon-bromine bond 
is weaker than the carbon-fluorine bond, it is also believed that, during 
these experiments, there was no loss of bromine 82 from the aromatic ring 
of 82Br-VII as the bromide ion. This assumption was substantiated by 
Sargent et al. (8) who found that only 5% of the radioactivity excreted 
in the urine over 24 hr was due to inorganic bromide following the ad- 


ministration of [4-82Br]bromodimethylphenyli~opropylamine to human 
subjects. 
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abundance of practical examples. There are many useful illustrations in 
graphical and tabular form as well as numerous high quality photographs. 
All art work is top quality. These volumes will be useful to scientists and 
students involved in controlled-release technologies. 


Reviewed by James W. Ayres 
School of Pharmacy 
Oregon State University 
Coruallis, OR 97331 


Recent Developments in Mass Spectrometry in Biochemistry and 
Medicine, 6. Edited by ALBERT0 FRIGERIO and MALCOLM 
McCAMISH. Elsevier, 52 Vanderbilt Ave., New York, NY 10017.1980. 
553 pp. 16 X 24 cm. Price $83.00. 
This volume is a compilation of the papers from the Proceedings of the 


6th International Symposium on Mass Spectrometry in Biochemistry 
and Medicine, Venice, June 1979. It contains 52 papers from a variety 
of mass spectrometric applications. Similar to the previous series, this 
volume attempts to bring together the latest information on the appli- 
cation of mass spectrometry and research development and methodology 
of mass spectrometry. This objective is met in the area of the latest ap- 
plications in biochemistry and medicine. 


This book discusses various applicational aspects from experts in the 
field and is quite up-to-date. Examples of its applications in lipids, 
prostaglandins, protein sequencing, biogenic amines, metabolite iden- 
tification, pharmacokinetics, placental drug transfer, and physiological 
exchange of endogenous substances are of interest to readers a t  inter- 
mediate to advanced levels in mass spectrometry. It is particularly useful 
to leas sophisticated readers who want to get a glimpse of the field without 
purchasing the previous volumes of the proceedings. Perhaps disap- 
pointing to some experienced researchers is the deficiency in certain 
aspects of applications such as the use of stable isotopes in pharmacology 
and pharmacokinetics. This may reflect a lack of participation of certain 
segment of the biomedical researchers in the symposium. 


In the area of latest developments in instrumentation and methodol- 
ogy, it has somewhat short-changed the reader. Several areas such as mass 
spectrometry-mass spectrometry (multiple mass spectrometry), ion- 
cyclotron mass spectrometry, and high-pressure liquid chromatogra- 
phy-mass spectrometer interface are not covered. Nonetheless, several 
chapters in this area are quite valuable, e.g., the description of the Kratos 
MS 80, the laser microprobe mass analyzer and its applications, low- and 
high-pressure negative chemical-ionization mass spectrometry, and the 
disposable surface probe. 


This book is divided into six general classifications, including quali- 
tative and quantitative studies of endogenous and exogenous compounds, 
instrumentation and methodology, and environmental studies. These 
classifications, although somewhat artificial, are quite helpful in locating 
quickly a particular area of interest. However, it is not understood why 
a paper that discusses the application of the electron-capture detector 
in liquid chromatography without any reference to mass spectrometry 
was included in this book (pp. 317-330). 


This book contains an author index but not a subject index. The former 
does not serve much purpose because no affiliations of the authors are 
provided in this index and the name of the author can already be found 
in the table of contents. The latter, if available, is usually more useful in 
helping readers locate the subject of interest. However, this book is a 
reasonably up-to-date reference book on mass spectrometry. 


Reviewed by Kenneth K. Chan 
School of Pharmacy 
Uniuersity of Southern California 
Los Angeles, CA 90033 


Applied Biopharmaceutics and Pharmacokinetics. By LEON 
SHARGEL and ANDREW B. C. YU. Appleton-Century-Crofts, 292 
Madison Ave., New York, NY 10017.1980.253 pp. 16 X 24 cm. Price 
$18.50. 
This book, intended primarily for undergraduate students in pharmacy 


and allied health professions, emphasizes pharmacokinetic principles 
rather than biopharmaceutics. The first two chapters review elementary 
mathematics and kinetics, and the next three chapters introduce one- 
compartment and multicompartment pharmacokinetic models. Chapter 
6 briefly discusses biopharmaceutics, including absorption mechanisms 
and dosage form diasolution. Chapters 7-11 deal with absorption kinetics, 
bioavailability, clearance, hepatic elimination, and protein binding. 
Chapters 12, 13, and 14 consider intravenous infusions, multiple-dose 
administration, and nonlinear pharmacokinetics, Chapters 15 and 16 
discuss clinical pharmacokinetics, and Chapter 17 describes the kinetics 
of pharmacological effects. 


The book is quite readable, with numerous illustrations. Most chapters 
contain practice problems, along with detailed solutions. In addition, 
questions are included at  the end of each chapter, and answers are pro- 
vided in the Appendiz. One major attribute of the book is the step-by- 
step illustrations given for some of the more common pharmacokinetic 
manipulations (e.g., method of residuals, Wagner-Nelson method, and 
Loo-Riegelman calculation). Only a limited number of references are 
provided, and they are generally in the form of a bibliography at the end 
of each chapter. 


The text appears relatively free from errors, afthough several incorrect 
equations were found, and some generalizations were made that were not 
as widely applicable as the text seemed to imply. On the whole, the book 
provides a reasonable introduction to the material, although the some- 
what superficial discussion of some topics could mislead someone utilizing 
the text without a thorough understanding of the limitation and pitfalls 
in the approaches. However, the book would be suitable as an introduc- 
tory undergraduate text for a course taught by an instructor experienced 
in pharmacokinetics. 


Reviewed by Marvin C. Meyer 
Department of Pharmaceutics 
College of Pharmacy 
University of Tennessee 


Memphis, TN 38163 
Center for the Health Sciences 


Progress in Drug Metabolism, Vol. 5. Edited by J. W. BRIDGES and 
L. F. CHASSEAUD. Wiley, 605 Third Ave., New York, NY 10016. 
1980.358 pp. 15 X 23 cm. Price $85.00. 
This volume is the fifth in a series concerned with various aspects of 


drug metabolism. This volume is similar to the previous four volumes in 
that five to six major, current, and timely topics are reviewed. These 
topics are not necessarily directly related other than that they are con- 
cerned with the general topic of drug metabolism. 


Chapter 1 deals with the distribution and role of cytochrome P-450 in 
extrahepatic organs and in prostaglandin metabolism. Steroidogenic 
organs also are extensively reviewed. The chapter does not include recent 
investigations involving cytochrome P-450 in the intestine and colon, and 
most references are pre-1978, although the volume was published in late 
1980. 


Chapter 2 addresses a topic on which relatively little information exists, 
namely species variations in xenobiotic metabolizing enzymes. The 
chapter is restricted to hepatic metabolism, primarily involving micro- 
somal monoxygenases, epoxide hydratase, and glucuronyltransferase. 
No information is provided on interspecies variation within hepatic and 
extrahepatic tissues. 
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elevated temperatures. While the degradation products of phenylpro- 
panolamine cannot be quantified by this method, a significant decrease 
in phenylpropanolamine was observed in stressed samples. Assay results 
for fresh and stressed samples by periodate oxidation correlated well with 
this assay, thus supporting the stability-indicating properties of this assay 
for phenylpropanolamine. 


The recovery of the antihistamines, pyrilamine maleate5 and phenir- 
amine maleate, from a tablet matrix containing resinous material became 
increasingly difficult as the tablet was subjected to stress. Consequently, 
the acidic-alcoholic sample solution was exposed to heat to free the re- 
maining antihistamines from the matrix. 


In general, the chromatograms of stressed samples showed a decrease 
in phenylpropanolamine and methscopolamine but no loss in the 
pheniramine or pyrilamine content. There was no indication that ex- 
cipients or degradation products interfered with the four peaks. 


Careful control of buffer pH was necessary to obtain adequate sepa- 
ration of the pyrilamine and pheniramine peaks. The monitoring wave- 
length of 216.5 nm was selected as the optimum response uersus baseline 
noise for the four species. At this wavelength, trace amounts of a-ami- 
nopropiophenone, a precursor and possible trace contaminant in phe- 
nylpropanolamine, do not absorb to a significant amount. 
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Abstract Several congocidine analogs were synthesized and tested 
for in uiuo activity against Trypanosoma congolense and in uitro activity 
against amastigotes of Leishmania tropica. The tripyrrole derivative, 
p-{ [N-methyl-4-[N-methyl-4-(guanidinoacetamido)pyrrole -2- carboxa- 
mido]pyrrole-2-carboxamido]pyrrole-2-carboxamido}butyroamidine di- 
hydrochloride, was less toxic and more active than congocidine. The 
guanidinoacetyl moiety appears to be a structural requirement for an- 
tiparasitic activity in the congocidine series. 


Keyphrases 0 Congocidine derivatives-tri- and monopyrrole analogs, 
synthesized and evaluated for antiparasitic activity in mice, in uiuo and 
in uitro studies 0 Structure-activity relationships-tripyrrole derivatives 
of congocidine synthesized and evaluated for antiparasitic activity in 
mice, in uiuo and in vitro studies Antiparasitic activity-tripyrrole 
derivatives of congocidine synthesized and evaluated for act.ivity in mice, 
in uitro and in uiuo studies 


Congocidine (I) and distamycin A (11) are basic oligo- 
peptide antiviral antibiotics isolated from the medium of 
Streptomyces sp. (1-3). The structure of congocidine was 
established by a series of degradations and a total synthesis 
(4 ,5)  and was shown to be identical to that of netropsin, 
which was isolated from a medium of Streptomyces net- 
ropsis (6,7).  


BACKGROUND 


Congocidine (I) and distamycin A (11) are the major components of a 
group of pyrrole amidine antiviral antibiotics. Unlike distamycin A and 
in addition to its antiviral and antibacterial activities (8,9), congocidine 
also shows antiparasitic activity against Trypanosoma congolense (the 
source of its name) and other parasites (1, 2, 7): Little information is 


available on the structural requirements for the antiparasitic activity of 
congocidine. The only reported study (10) demonstrated that replace- 
ment of the N-methylpyrrole ring in congocidine by thiophene, pyridine, 
or benzene led to the loss of its trypanocidal activity. 


Several studies on the distamycin series showed that when distamycin 
A (a tripeptide) was converted to its tetra- or pentapeptide analogs, the 
antiviral and antibacterial activities against some viruses and bacteria 
increased (11-14). At the same time, cytotoxicity was somewhat reduced, 
indicating that the biological and cytotoxic activities were separable. 


A similar observation was made in the congocidine series. Several tri- 
pyrrole derivatives of congocidine were less cytotoxic and more active 
than the parent drug in three tests against Herpes simplex virus (15). The 
present study evaluated the antiparasitic activity of different tri- and 
monopyrrole derivatives of congocidine to establish some structural re- 
quirements in the congocidine molecule. Congocidine and its derivatives 
were tested against Leishmania tropical in vitro in mouse peritoneal 
exudate cells and against T .  congolense2 in uiuo. 


EXPERIMENTAL 


Chemistry-The syntheses of the compounds were described previ- 


Parasitology3-Animals-Male mice of the inbred strains C3H and 
ously (15, 16). 


The L. tropica LRC-L137 strain was obtained from the strain collection of the 
World Health Organization’s International Reference Center for Leishmaniasis 
(WHO-LRC) at the Department of Protozoology, Hadassah Medical School, Je- 
rusalem, Israel. 


The 7’. congolense TREU 1183 strain was kindly supplied by Professor Curtis 
L. Patton, Department of Epidemiology and Public Health, Yale University, New 
Haven, Conn. 


Some of the parasitological work was presented at the annual meeting of the 
Israeli Society of Protozoolo ists (April 1980) and will appear as the following ab- 
stracts: J. El-On,.C. L. Greenglat, D. T. Spira, R. Mechoulam, and M. Bialer, “The 
Effect of Congocidine Derivatives on Leishmania tropica and Trypanosoma eon- 
golense,” in J. Protozoology Supplement (1981). 
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Balblc (25-35 g, 8-12 weeks old) were used. The CBH mice were the source 
of peritoneal exudate cells, while the Balblc mice were used for in oioo 
studies of T. congfderzse 


Cutaneous Leishmaniasis-Mice peritoneal exudate cells were pre- 
pared from thioglycolate-stimulated mice as described by Handman et 
al. (17). The cells were cultivated in 24-well microplates at 37' and were 
infected 2 hr after cultivation with promastigotes prepared from a sta- 
bilate held at  liquid nitrogen. The drug was introduced 24 hr after the 
transformation into intracellular amastigotes. The development of the 
parasites was checked daily, and the parasite survival index was deter- 
mined. This index is the mean number of intracellular parasites multi- 
plied by the percent of infection, as compared with the untreated infected 
control. 


Trypanosomiasis-Balb/c mice were inoculated intraperitoneally with 
5 x lo5 trypanosomes. Drug treatment was begun 2-3 days after infection 
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Figure 1-Effect of congocidine deriuatioes on the growth of T. con- 
golense in Balblc mice. Day 1 is the 1 s t  day of drug administration (40 
mglkg). The full-line (0) drawing indicates the results in mice receiving 
no drug. 


when parasites were detected in the blood. The parasites were counted 
daily in blood smears prepared from the mouse tail. 


RESULTS 


The tripyrrole analog of congocidine (111) showed the greatest growth 
inhibition of T. congolense in mice. Two injections (40 mg/kg ip) given 
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Figure 2-Effect of distamycin A and congocidine derioatiues on the 
growth of L. tropica amastigotes in peritoneal exudate cells from Cfi 
miceat37'. Key:., 10pgofIlml; A,100pgofII/mf; +, lOpgofIII/m~; 
and a, 25 pg of IVlml. 
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on the 5th and 6th days of infection (when the parasitemia was >0.01%) 
were trypanocidal to such an extent that no parasites were detected over 
90 days. The mice were tested every 15 days (Fig. 1). The other drugs, 
including the parent drugs (I and II), were less effective; they lowered 
parasitemias significantly but did not eliminate the parasites totally. Mice 
administered congocidine (I) or IV (40 mg/kg) three or more times died 
either from high parasitemia or from the toxic effect of the drug. Com- 
pound I1 was less toxic but also less effective against the parasite as 
compared with I. Six doses of I1 (40 mg/kg) did not affect the growth of 
the parasites, while five doses of 80 mg/kg inhibited the growth only 
partially. 


In uitro studies indicated that 111 was also the most effective compound 
against L. tropica amastigotes in C3H mouse mononuclear phagocytes 
(Fig. 2). In cultures treated with 10 pg of W m l ,  the parasite survival 
index indicated 50% survival on the 2nd day and 20% by the 4th day. 
Compounds IV (25 pg/ml) and I1 (100 pg/ml) also reduced growth but 
were not as effective as 111. Cytotoxicity to host cells was observed at  25, 
50,50, and 200 pg/ml of I, 111, IV, and 11, respectively. 


The doses used were the minimal effective nontoxic ones. Thus, no 
inhibitory effects on the growth of L. tropica were seen when I1 and IV 
were given in a concentration of <lo0 and 25 pg/ml, respectively. The 
monopyrrole analog of congocidine (VI) had the same effect against T. 
congolense as the parent drug. Its position isomer (VII) was completely 
inactive. 


DISCUSSION 


In two antiparasitic tests, the tripyrrole derivative of congocidine (111) 
was more potent and less toxic than congocidine and more potent than 
its analog (IV). Although less toxic than congocidine, IV demonstrated 
the same inhibitory activity as the parent drug in the two systems tested. 
These results showed that there are considerable structural requirements 
in the congocidine series for their antiparasitic activity. 


I t  was reported previously (15) that the tripeptide (IV) is more active 
in some antiviral tests than the dipeptide congocidine (I). However, this 
modification alone did not improve the antiparasitic activity, although 
it improved the therapeutic index. Surprisingly, the addition of a methyl 
group to the P-aminopropionamidine moiety in IV, leading to 111, in- 
creased the antiparasitic activity and further improved the therapeutic 
index. The fact that distamycin A was totally inactive in the two anti- 
parasitic tests demonstrated that the guanidinoacetyl moiety in the 


congocidine molecule cannot be replaced by a formamido moiety, con- 
trary to observations in the antiviral field. 
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Abstract 0 An ion-pair reversed-phase high-performance liquid chro- 
matographic system is used to separate carbenicillin from carbenicillin 
penicilloic acid, carbenicillin penilloic acid, penicillin G, penicillin G 
penicilloic acid, and penicillin G penilloic acid. Conditions are provided 
for resolution of the carbenicillin diastereomer pair and for elution as a 
single peak, facilitating quantitation. 


Keyphrases Carbenicillin-degradation products, high-performance 
liquid chromatographic analysis, mobile phase modifications 0 High- 
performance liquid chromatography-analysis, carbenicillin, resolution 
of diastereomer pair or single-peak elution by mobile phase modifications 


Antibiotics-carbenicillin, high-performance liquid chromatographic 
analysis, mobile phase modifications Degradation-carbenicillin, 
high-performance liquid chromatographic analysis 


Carbenicillin, a broad-spectrum 
cillin-type antibiotic, is important 


semisynthetic peni- 
because of its anti- 


pseudomonal and antiproteus effect. Most classical ana- 
lytical methods available for penicillin purity or potency 
determinations are applicable to carbenicillin; the iodo- 
metric and hydroxylamine methods and the microbio- 
logical agar diffusion assay are the most widely used. The 
latter method is the one specified by the Antibiotic Reg- 
ulations of the Food and Drug Administration (1). Car- 
benicillin monosodium monohydrate is used as a reference 
standard for this assay (2). 


.BACKGROUND 


Recent literature (3-6) indicated that high-performance liquid chro- 
matography (HPLC), especially reversed-phase or ion-pair reversed- 
phase HPLC on microparticulate (< 10 pm) bonded packing materials, 
is amenable to the analysis of penicillins. In many penicillin analyses, 
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Abstract A radioimmunoassay for the direct measurement of carteolol, 
a new @-adrenoreceptor blocker, in human plasma was developed. Car- 
teolol was acylated to form 0-glutarylcarteolol, which was conjugated 
to bovine serum albumin to provide the immunogen. Antibody to car- 
teolol was raised in New Zealand albino rabbits. The tracer was the ra- 
dioiodinated derivative of 0-glutarylcarteolol-tyrosine methyl ester 
conjugate. The method is highly sensitive, with a lower quantifiable 
concentration of -0.4 ng of carteolol/ml using 0.1 ml of plasma, and has 
good specificity, with the major metabolite (8-hydroxycarteolol) showing 
only 0.2% cross-reactivity. It is reproducible, with relative standard de- 
viations from triplicate standard curves being mostly within f8%. The 
method is currently being used to monitor carteolol levels in clinical 
samples. 


Keyphrases 0 Radioimmunoassay-determination of carteolol in 
human plasma 0 Carteolol-determination by radioimmunoassay, 
human plasma 0 Antiadrenergics-cartolol, determination by radio- 
immunoassay, human plasma 


Carteolol hydrochloride1, 5-[3-(tert-butylamino)-2- 
hydroxypropoxy]-3,4-dihydrocarbostyril monohydro- 
chloride, is a P-adrenoreceptor blocker currently under 
development as a candidate drug. A simple and sensitive 
fluorometric method was reported (1,2) for the determi- 
nation of its concentration in biological fluids. The lower 
quantifiable concentration was -20 ng of carteolol (free 
base)/ml using 2 ml of plasma. This sensitivity is inade- 
quate, especially for pharmacokinetic studies a t  antici- 
pated therapeutic doses (e.g., <20 mg qid). To provide the 
needed sensitivity, development of a radioimmunoassay 
for carteolol was undertaken. Antibody to carteolol was 
raised in rabbits by immunizing the animals with an im- 
munogen prepared by covalently incorporating carteolol 
into bovine serum albumin. Radioimmunoassay using this 
antibody offered great sensitivity and specificity for the 
measurement of carteolol in plasma. 


EXPERIMENTAL 


Chemicals and Materials-Commercial reagent grade solvents and 
chemicals were used. Chloramine-T solution (2.5 mg/ml) was prepared 
in 0.05 M phosphate buffer (pH 7.5). A 3.5-mg/ml solution of sodium 
metabisulfite also was prepared in the same buffer. The phosphate- 
buffered saline (saline buffer) was composed of 0.15 M NaCl and 0.01 M 
NaHZP04-K*HPO4, pH 7.4. 


Chromatographic Analysis-TLC was conducted using analytical 
(250 pm thick) and preparative (1000 pm) silica gel plates. The solvent 
system was usually ethyl acetate or chloroform-ethanol (2:l v/v). 


High-pressure liquid chromatographic (HPLC) separations were 
carried out using ion-pair or soap chromatography on reversed-phase 
columns2. The eluent for soap chromatography (soap eluent) was com- 
posed of 45% (v/v) acetonitrile, 0.02 M phosphoric acid, 0.02 M monobasic 
ammonium phosphate, and 0.15% (w/v) sodium lauryl sulfate. The typical 
ion-pair eluent was composed of 20% (v/v) acetonitrile, 10% tetrahy- 
drofuran, 10% methanol, and 0.005 M d-camphorsulfonic acid. Prepar- 
ative HPLC was conducted using a pBondapak CIS column3 (7.8 mm i.d.) 


1 Ahbott Lahoratories, North Chicago, 111. 
2 Zorhax C-8 (DuPont, Wilrnington, Del.) or Spherisorh 5-prn ODS (Spectra- 


3 Waters Associates, Milford, Mass. 
Physics, Santa Clara, Calif.). 
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Figure 1-UV absorption spectra of carteolol immunogen (A), mixture 
of I(20.6 pglml) and bovine serum albumin (242 pglml) (B), I(20.6 
pg/ml) (C), bovine serum albumin (242 pglml) (D), and 0.05 M tro- 
methamine (pH 8.5) as background (E). 
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Scheme I-Procedure for the preparation of carteolol immunogen and radioactive tracer. 


with an eluent of 18% (v/v) acetonitrile, 8% (v/v) tetrahydrofuran, and 
0.005 M d-camphorsulfonic acid. Detection was accomplished by moni- 
toring absorption at  254 nm. 


Preparation of Immunogen-Scheme I shows the procedure for 
preparation of the immunogen and the radioactive tracer. 


Synthesis of 0-Glutarylcarteolol (Z)-Carteolol(450 mg) and 210 mg 
of glutaric anhydride were dissolved in 7 ml of pyridine. The solution was 
allowed to stand overnight at room temperature and then was heated at  
60' for 3 hr. The solvent was removed under reduced pressure on a rotary 
evaporator, and the residue was recrystallized from a mixture of ethanol 
and ethyl acetate. The product, after being air dried, was a colorless solid, 
mp 184-186'. The yield was 414 mg (66% of theory). The IR spectrum 
(potassium bromide pellet) showed a strong absorption band at 1740 cm-* 
(carbony1 absorption for carboxylic acid ester), indicating ester formation. 
The maw spectral data obtained using a direct-insert probe and elec- 
tron-bombardment ionization gave the following major ions: m/z (ion, 
%relative abundance), 406.1 (M+, 7.5), 391.0 (M - CH3,25.6), and 86.1 


[CHzNHC(CH& 1001. PMR spectral data also were consistent with the 
proposed structure. 


Anal.-Calc. for C21H30N206: C, 62.05; H, 7.44; N, 6.89. Found: C, 
61.67; H, 7.68; N, 6.69. 


Preparation of Carteolol-Bovine Serum Albumin Conjugate (II)  
-O-Glutarylcarteolol(200 mg) was dissolved in 4.0 ml of pyridine-water 
(1:1 v/v) with stirring. To the solution was added 240 mg of l-ethyl-3- 
(3-dimethylaminopropyl)carbodiimide hydrochloride, and the mixture 
was stirred at  room temperature for 30 min. A solution of 140 mg of bovine 
serum albumin in 5 ml of water then was added, and the mixture was 
stirred overnight. 


The product was dialyzed in a cold room (-4') against 2000 ml of saline 
buffer containing 5% (v/v) of dioxane and then twice against 2000 ml of 
water. A 0.50-ml aliquot of the dialyzed solution (-37 ml) was mixed with 
1.5 ml of acetonitrile and subjected to HPLC analysis using the described 
soap eluent. The results showed no free I (< -0.4 pg/ml) in the dialyzed 
solution. Another 0.5-ml aliquot was diluted 1 : l O  with 0.05 M trometh- 
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Table I-Competition with Radioiodinated Carteolol Antigen for 
Antibody Binding Sites 


Compound Estimated IDSO, pg 


ae 60.0 


50.0 


rp 40.0 


30.0 


20.0 


10.0- 


0.0, 


. -- 
Carteolol 
Dehydrocarteolol 
8-Hvdroxvcarteolol 


, , , , , , \ -  


\ 


370 
25 x 103 


230 x 103 
Isoproterenol x o o  x 103 
5-Hydroxy-3,4-di hydrocarbostyril >500 X lo3 
Propranolol No inhibition at 1 X 106 


amine4 and analyzed by UV spectrophotometry. The conjugated product 
had a UV spectrum (Fig. 1) nearly identical to that of a mixture of bovine 
serum albumin and I, showing an absorption maximum at 252 nm (similar 
to the carteolol derivative) and a shoulder at 278 nm (the absorption 
maximum for bovine serum albumin). It was estimated to contain an 
average of -19 carteolol residues/bovine serum albumin molecule based 
on UV absorption data. 


The remaining product solution was lyophilized to give 152.5 mg of 
white fluffy product, which was used for the immunization of rabbits. 


Preparation of lZ51-Labeled Antigen-Preparation of O-Glutar- 
ylcarteolol-Tyrosine Methyl Ester Conjugate (ZII)-0-Glutarylcar- 
teolol (163 mg) was dissolved in 6 ml of hot N,N-dimethylformamide, 
and the solution was cooled in an ice water bath. T o  the chilled solution 
were added 100 p1 of triethylamine and 80 pl of isobutyl chlorocarbonate. 
The mixture was stirred briefly on a vortex mixer and then allowed to 
stand in an ice water bath for 30 min with occasional stirring. To the re- 
action mixture was added a solution of 160 mg of tyrosine methyl ester 
in 4 ml of N,N-dimethylformamide, and the mixture was stirred briefly 
and allowed to stand at room temperature for -2 hr. The solution then 
was evaporated t o  dryness, and the residue was dissolved in 2 ml of the 
described preparative HPLC eluent. Aliquots (-200 pl each) were 
chromatographed on a pBondapak Cle column, and the fractions corre- 
sponding to the major UV-absorbing component were collected and used 
directly for subsequent radioiodination. The concentration of the product 
was estimated by comparison of its UV absorption at  252 nm to that of 
standard carteolol solutions (assuming approximately equal molar ab- 
sorptivities for both compounds). 


Preparation of [125I]-O-Glutarylcarteolol-Tyrosine Methyl Ester 
(IV)-The procedure was similar to that described previously (3). In a 
disposable test tube were placed 10 pl of the I11 solution (-7.1 pg), 25 pl 
of 0.5 M phosphate buffer (pH 7.5), and 17 p1 of sodium [1251]iodide so- 
lution (4.0 mCi). To the solution was added 20 pl of chloramine-T solu- 
tion, and the mixture was stirred for 60 sec. The reaction was terminated 
by the addition of 20 pl of sodium metabisulfite, and the solution was 
extracted with ethyl acetate (2 X 1.0 ml). The ethyl acetate solution 
(-95% total radioactivity) then was fractionated5 with an eluent of 0.1% 
(v/v) acetic acid in ethanol. The effluent was collected in 1-ml fractions 
(Fig. 2). The peak fractions of the major radioactive component were 
pooled (1-2 mCi) and used in the radioimmunoassay. The radiochemical 
purity of this material was -87% based on TLC and HPLC analyses. The 
compound was -100% bound by the carteolol antiserum at  a 1:200 dilu- 
tion. 


Immunization-New Zealand albino rabbits were used. A solution 
of If was prepared fresh in physiological saline a t  a concentration of 1 
mg/ml and mixed thoroughly with an equal volume of Freund's complete 
adjuvant. One milliliter of the emulsion containing 0.5 mg of immunogen 
was injected into four footpads and two thighs of each rabbit. Each rabbit 
was immunized once a week for 4 weeks and then once every 2-6 weeks. 
Blood was obtained by cardiac puncture 6-14 days after the booster in- 
jections, allowed to clot overnight at 4*, and centrifuged at 2000 rpm for 
20 min to yield the antiserum. 


Immunoassay Procedures-Preparation of Reagents-The gelatin 
buffer used was saline buffer containing 0.1 mg of thimerosal/ml and 0.1% 
(w/v) pigskin gelatin. The radioactive tracer (usually with total radio- 
activity of -1.5 mCi) was diluted to 100 ml with 0.002 M H3P04 to form 
a stock solution, and the solution was refrigerated until used. A working 
solution of the tracer was prepared weekly by proper dilution (usually 
1:lOO) of the stock solution with 0.002 M H3P04. 


A stock solution of carteolol standard was prepared at  1.0 mg/ml in 
distilled water, which was diluted 1:lOO with gelatin buffer to form a 
working standard at  10 pg/ml. This latter solution waa used to spike blank 
plasma. Typically, the working standard of carteolol was diluted 1:lOO 


4 d. T. Baker Chemical Co., Phillipsburg, N.J. 
6 A 1 X 17-cm Sephadex LH-20 column. 


15001 A 


'p 1200 
P 
x 1  
w 
5 
I 
I 


O\ 10 15 20 25 
1 5 


FRACTION NUMBER 


Figure 2-Elution pattern of the radioiodination products on Sephadex 
LH-20 column. Fractions 12 and 13 were pooled and used as tracer in 
the radioimmunoassay. 


with blank plasma to give a plasma standard at  100 ng/ml, and this 
plasma sample then was diluted serially 1:2 with blank plasma to provide 
a set of plasma standards. 


The antiserum from rabbits was diluted 1:4000 with gelatin buffer. An 
18% (w/v) solution of polyethylene glycol 6000 in saline buffer was used 
to precipitate antibody-bound radioactivity. 


Assay-A 100-pl aliquot of the diluted antiserum solution was added 
to 100 pl of plasma and 200 p1 of gelatin buffer, followed by the addition 
of 100 pl of the tracer solution. The mixture was allowed to stand at -4' 
overnight. To each sample was added 1.5 ml of polyethylene glycol 6000 
solution, and the mixture was stirred briefly. The samples were centri- 
fuged at  2500Xg for 30 min at  - 5 O ,  and the supernate was decanted. The 
precipitate was mixed again with 1.5 ml of polyethylene glycol 6000 so- 
lution and centrifuged. After the supernate was decanted, the remainder 
was counted in a y-counter. 


A set of standard plasma samples was prepared in the concentration 
range to suit the intended analysis. A typical set included standards at  
0, 0.17,0.35,0.69, 1.39, 2.77,5.56, 11.11,22.23,44.46, and 88.91 ng/ml. 
These standards were carried through the radioimmunoassay in tripli- 
cate. The observed radioactivity counts ( B )  were divided by the counts 
from control plasma (Bo). A calibration curve was constructed using the 
mean ratios of BIB0 versus the logarithms of plasma carteolol concen- 
trations. 
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Table 11-Within-Day and Day-to-Day Reproducibilities Using Mean Calculated Carteolol Levels (Nanograms per Milliliter) from 
the Radioimmunoassas 


Item 
Theoretical Drug Concentration in Plasma, ng/ml 


0.35 0.69 1.39 2.77 5.56 11.11 22.23 44.46 


Mean ( n  = 3) 0.31 0.58 
SD 0.02 0.04 
RSD, % 6.5 6.1 


Mean (n  = 3) 0.38 0.56 
SD 0.02 0.05 
RSD, % 6.1 8.4 


Mean ( n  = 3) 0.35 0.72 
SD 0.01 0.06 
RSD, % 3.2 8.5 


Mean (n = 9) 0.35 0.62 
SD 0.03 0.09 
RSD, % 9.6 13.8 
Percent theory 99 90 


1.34 2.99 5.48 12.2 20.8 
0.11 0.23 0.54 1.43 1.13 
8.2 7.8 9.8 11.7 5.4 


1.39 3.12 5.81 11.2 20.3 
Average of the Nine Standard Curves 


0.08 0.19 0.40 1.04 1.06 
5.4 5.9 6.9 9.2 5.2 


100 113 105 101 91 


41.4 
1.44 
3.5 


42.5 
2.03 
4.8 


45.6 
0.97 
2.1 


43.2 
2.30 
5.3 


97 


anol, dioxane, N,N-dimethylformamide, tetrahydrofuran, and acetone. 
Several attempts to incorporate it to  bovine serum albumin using the 
mixed anhydride method (3,7), the carbodiimide procedure (8,9), and 
the active ester method (N-hydroxysuccinimide) (10) were all unsuc- 
cessful. In contrast, the 0-glutaryl derivative was quite soluble in these 
solvents and could be incorporated readily to bovine serum albumin. 


Immunization-The production of carteolol antibody in rabbits was 
monitored periodically by checking the animal's serum for binding to the 
radioactive antigen. Antibody to carteolol could be found in the rabbit 
serum after six injections of the immunogen over 10 weeks. After the 
rabbits received eight or nine injections over 26-27 weeks, serums of very 
good antibody titers were obtained. 


Assay Procedures-To obtain radioiodinated tracer, tyrosine methyl 
ester was conjugated to carteolol through the glutaryl group, using the 
mixed anhydride method. The reaction was complete after -2 hr, based 
on HPLC analysis. Several attempts to obtain a solid product by solvent 
evaporation and crystallization all were unsuccessful. Preparative TLC 
also was unsuitable for purification of the product, because the isolated 
products following these treatments were always contaminated with 
carteolol. Thus, preparative HPLC was used to isolate the product. The 
fractionated product exhibited one absorption maximum at 252 nm and 
a shoulder at 278 nm, being consistent with the proposed structure. The 
product was hydrolyzed quite readily in neutral or alkaline media to give 
carteolol, providing additional support to the proposed structure. 


One important step in radioimmunoassay is the separation of the 
antibody-bound and the free fractions of the radioactive antigen. Initially, 
a saturated ammonium sulfate solution was examined for this purpose 
according to the published radioimmunoassay procedure for propranolol 
(6). The nonspecific binding was unacceptably high. A 0.25% (w/v) sus- 
pension of activated charcoal in gelatin buffer also was unsatisfactory. 
Polyethylene glycol 6000 in saline buffer was subsequently tested and 
showed minimum nonspecific binding while providing good precipitation 


HOURS AFTER DOSING 
Figure I-Human plasma carteolol level-time profile determined by 
radioimmunoassay. 


of the antibody-substrate complex. Thus, 1.5 ml of the polyethylene 
glycol reagent was adequate for 0.5 ml of the incubation mixture. 


Antibody specificity was tested against structurally related compounds 
by allowing each compound being used as a substitute for carteolol to 
compete with lz5I-1abeled antigen for antibody binding sites under the 
described radioimmunoassay conditions. The amount required to elicit 
50% inhibition of initial binding (IDSO) was estimated by interpolation 
of the standard curve at  BIB0 of 50%. The results are summarized in 
Table I. The cross-reactivity was expressed as the ratio (percent) of the 
ID50 for carteolol to that for the test compound. The only compound that 
showed significant cross-reactivity was dehydrocarteolol, being -1.5%. 
This compound, however, is not a metabolite of carteolol. 8-Hydroxy- 
carteolol, the major human metabolite, exhibited only very low cross- 
reactivity, <0.2%. Based on the available data, plasma 8-hydroxycarteolol 
levels within 12 hr after oral dosing are expected to be quite low compared 
to the corresponding parent drug levels. Thus, this metabolite should not 
interfere significantly in the radioimmunoassay of clinical samples. 


Figure 3 shows a typical calibration curve generated according to the 
proposed radioimmunoassay procedure. Polypropylene and glass tubes 
were equally suitable for the assay. To assess day-to-day and within-day 
reproducibilities, standard plasma samples were prepared and carried 
through the radioimmunoassay procedure on 3 different days. On each 
day, three standard curves were prepared; each standard curve was de- 
rived from assays of triplicate samples. These BIB0 ratios versus loga- 
rithms of concentrations were subjected to a least-squares best fit to a 
cubic equation using a computer program'. The BIB0 ratios then were 
reinserted into the equation to calculate plasma concentration (Table 
11). 


The radioimmunoassay procedure appears to be most suitable for the 
determination of plasma carteolol levels in the range of -0.35-44.5 ng/ml. 
The daily replicate curves were quite reproducible, with the relative 
standard deviations (n = 3) mostly within fa%.  The averages of the as- 
sayed carteolol levels from the nine standard curves were in good agree- 
ment with the theoretical concentrations, all being within 90-113% of 
theory. The relative standard deviations for these means were between 
f5 .2  and 13.876, showing good day-to-day reproducibilities. 


Figure 4 shows a plasma concentration-time curve obtained from the 
analysis of actual clinical samples from a male subject after receiving a 
30-mg oral dose of carteolol hydrochloride. In summary, the proposed 
radioimmunoassay procedure is quite specific and has good within-day 
and day-to-day reproducibilities. The workup procedure is simple be- 
cause it does not require solvent extraction or concentration steps. Most 
importantly, the method offers sensitivity that is far superior to previ- 
ously reported methods. The lower quantifiable limit of this procedure 
is -0.4 ng of carteolol/ml using 0.1 ml of plasma. 
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Abstract The conditions of sorption of penicillins and cephalosporins 
on nonionic macroporous copolymers of styrenedivinylbenzene were 
evaluated. By increasing the methanol concentration in the eluent, the 
sorption decreased. Salts exerted little influence on sorption. However, 
pH exerted a remarkable effect on sorption, and the capacity factor 
variations according to the pH are quantitatively described. Some typical 
separations are shown. 


Keyphrases Cephalosporins-interactions with a nonpolar, macro- 
porous styrenedivinylbenzene copolymer stationary phase 0 Penicil- 
lins-interactions with a nonpolar, macroporous styrenedivinylbenzene 
copolymer stationary phase Capacity factors-cephalosporins and 
penicillins, interactions with a nonpolar, macroporous styrenedivinyl- 
benzene copolymer stationary phase Antibiotics-cephalosporins and 
penicillins, interactions with a nonpolar, macroporous copolymer sta- 
tionary phase 


Nonionic polymers have come into use recently as 
nonpolar stationary phases in high-pressure liquid chro- 
matography (HPLC), primarily because of the work of 
Pietrzyk and coworkers (1-5). The main advantages of 
these kinds of packing are their low cost, ability to function 
at any level, compatibility with most solvents, and high 
adsorbency properties. 


Penicillins and cephalosporins are P-lactam antibiotics 
produced by acylation with different radicals of the amino 
groups of 7-aminocephalosporanic, 7-aminodeacetoxy- 
cephalosporanic, or 6-aminopenicillanic acids, which give 
cephalosporins, deacetoxycephalosporins, or penicillins, 
respectively. They are particularly suitable as models to 
study the effect of protonic equilibria on retention by 
nonpolar macroporous copolymers because of their 
structural similarities and, depending on the medium pH, 
they can be found in undissociated, anionic, cationic, or 
zwitterionic form. 


In this study, a macroporous styrenedivinylbenzene 
copolymer1 adsorbent with an average surface area of 780 
m2/g and an average pore diameter of 50 A (3) was used. 
The purposes of this work were to study the variables af- 
fecting the retention of penicillins and cephalosporins on 
resin copolymers and to demonstrate that the equations 


Amberlite XAD-4. Rohm & Haas Chemical Co. 


describing the retention of ionic solutes by the nonpolar 
stationary phases are applicable to the interactions of 
penicillins and cephalosporins with the copolymer. The 
results may assist in the development of new analytical 
methods and may improve P-lactam antibiotic extraction 
and purification methods; the optimum conditions of ad- 
sorption and elution may then be predicted. 


EXPERIMENTAL 


7-Aminodeacetoxycephalosporanic acid (I), 7-phenylacetamido- 
deacetoxycephalosporin (11), cephalexin (III), cephradine (IV), 7-ami- 
nocephalosporanic acid (V), cephalosporin C (VI), cephalothin (VII), 
cephaloridine (VIII), cefazolin (IX), 6-aminopenicillanic acid (X), am- 
picillin (XI), penicillin G (XII), penicillin V (XIII), phenoxyethylpeni- 
cillin (XIV), 7-aminodeacetylcephalosporanic acid (XV), and deacetyl- 
cephalothin (XVI) were used as supplied2. 


The macroporous styrenedivinylbenzene copolymer1 was supplied as 
spheres with an average size of -500 pm. The resin particles were washed 
by extraction (soxhlet) with methanol and allowed to dry; they then were 
ground and sieved, with the 40-70-pm particles being selected (1). The 
size distribution of these particles was analyzed3. 


The chemicals were the highest commercial grade available and were 
used without any further purification. The buffer solutions were 0.05 M 
phosphate, and sodium sulfate was used to obtain the desired ionic 
strength. The mixtures of methanol-buffer solution were expressed in 
volume percent. 


Chromatographic Conditions-A 2.5 X 600-mm steel column, 
equipped with suitable fittings and a 10-pm filter, was dry packed with 
the copolymer between 40 and 70 pm. 


The liquid chromatograph was fitted with a pump4, a 20.~1 sample 
valve injector5, a 250-nm UV detector6, and a strip-chart recorder7. 


The chromatographed substances were prepared in the mobile phase 
at  a concentration of 0.5 mg/ml, except for the penicillins, which were 
dissolved at a concentration of 3 mg/ml. In each case, a 20-p1 aliquot was 
injected. The flow was maintained at 0.5 ml/min, and the sensitivity of 
the UV detector was set between 0.004 and 0.128 aufs, according to the 
absorptivity of the analyzed product. 


The capacity factors (k ’ )  were calculated in accordance with: 


(Eq. 1) 


Courtesy of Antibibticos, S.A., Madrid, Spain. 
Sharples Micromerograph, Franklin Electronics, Bridgeport, Pa. 
Constametrik 00, Laboratory Data Control. 
Model 7120, Rheodyne. 
UV 111 monitor, Laboratory Data Control. 
Model XER, Sargent-Welch Scientific Co., Skokie, Ill. 
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abundance of practical examples. There are many useful illustrations in 
graphical and tabular form as well as numerous high quality photographs. 
All art work is top quality. These volumes will be useful to scientists and 
students involved in controlled-release technologies. 


Reviewed by James W. Ayres 
School of Pharmacy 
Oregon State University 
Coruallis, OR 97331 


Recent Developments in Mass Spectrometry in Biochemistry and 
Medicine, 6. Edited by ALBERT0 FRIGERIO and MALCOLM 
McCAMISH. Elsevier, 52 Vanderbilt Ave., New York, NY 10017.1980. 
553 pp. 16 X 24 cm. Price $83.00. 
This volume is a compilation of the papers from the Proceedings of the 


6th International Symposium on Mass Spectrometry in Biochemistry 
and Medicine, Venice, June 1979. It contains 52 papers from a variety 
of mass spectrometric applications. Similar to the previous series, this 
volume attempts to bring together the latest information on the appli- 
cation of mass spectrometry and research development and methodology 
of mass spectrometry. This objective is met in the area of the latest ap- 
plications in biochemistry and medicine. 


This book discusses various applicational aspects from experts in the 
field and is quite up-to-date. Examples of its applications in lipids, 
prostaglandins, protein sequencing, biogenic amines, metabolite iden- 
tification, pharmacokinetics, placental drug transfer, and physiological 
exchange of endogenous substances are of interest to readers a t  inter- 
mediate to advanced levels in mass spectrometry. It is particularly useful 
to leas sophisticated readers who want to get a glimpse of the field without 
purchasing the previous volumes of the proceedings. Perhaps disap- 
pointing to some experienced researchers is the deficiency in certain 
aspects of applications such as the use of stable isotopes in pharmacology 
and pharmacokinetics. This may reflect a lack of participation of certain 
segment of the biomedical researchers in the symposium. 


In the area of latest developments in instrumentation and methodol- 
ogy, it has somewhat short-changed the reader. Several areas such as mass 
spectrometry-mass spectrometry (multiple mass spectrometry), ion- 
cyclotron mass spectrometry, and high-pressure liquid chromatogra- 
phy-mass spectrometer interface are not covered. Nonetheless, several 
chapters in this area are quite valuable, e.g., the description of the Kratos 
MS 80, the laser microprobe mass analyzer and its applications, low- and 
high-pressure negative chemical-ionization mass spectrometry, and the 
disposable surface probe. 


This book is divided into six general classifications, including quali- 
tative and quantitative studies of endogenous and exogenous compounds, 
instrumentation and methodology, and environmental studies. These 
classifications, although somewhat artificial, are quite helpful in locating 
quickly a particular area of interest. However, it is not understood why 
a paper that discusses the application of the electron-capture detector 
in liquid chromatography without any reference to mass spectrometry 
was included in this book (pp. 317-330). 


This book contains an author index but not a subject index. The former 
does not serve much purpose because no affiliations of the authors are 
provided in this index and the name of the author can already be found 
in the table of contents. The latter, if available, is usually more useful in 
helping readers locate the subject of interest. However, this book is a 
reasonably up-to-date reference book on mass spectrometry. 


Reviewed by Kenneth K. Chan 
School of Pharmacy 
Uniuersity of Southern California 
Los Angeles, CA 90033 


Applied Biopharmaceutics and Pharmacokinetics. By LEON 
SHARGEL and ANDREW B. C. YU. Appleton-Century-Crofts, 292 
Madison Ave., New York, NY 10017.1980.253 pp. 16 X 24 cm. Price 
$18.50. 
This book, intended primarily for undergraduate students in pharmacy 


and allied health professions, emphasizes pharmacokinetic principles 
rather than biopharmaceutics. The first two chapters review elementary 
mathematics and kinetics, and the next three chapters introduce one- 
compartment and multicompartment pharmacokinetic models. Chapter 
6 briefly discusses biopharmaceutics, including absorption mechanisms 
and dosage form diasolution. Chapters 7-11 deal with absorption kinetics, 
bioavailability, clearance, hepatic elimination, and protein binding. 
Chapters 12, 13, and 14 consider intravenous infusions, multiple-dose 
administration, and nonlinear pharmacokinetics, Chapters 15 and 16 
discuss clinical pharmacokinetics, and Chapter 17 describes the kinetics 
of pharmacological effects. 


The book is quite readable, with numerous illustrations. Most chapters 
contain practice problems, along with detailed solutions. In addition, 
questions are included at  the end of each chapter, and answers are pro- 
vided in the Appendiz. One major attribute of the book is the step-by- 
step illustrations given for some of the more common pharmacokinetic 
manipulations (e.g., method of residuals, Wagner-Nelson method, and 
Loo-Riegelman calculation). Only a limited number of references are 
provided, and they are generally in the form of a bibliography at the end 
of each chapter. 


The text appears relatively free from errors, afthough several incorrect 
equations were found, and some generalizations were made that were not 
as widely applicable as the text seemed to imply. On the whole, the book 
provides a reasonable introduction to the material, although the some- 
what superficial discussion of some topics could mislead someone utilizing 
the text without a thorough understanding of the limitation and pitfalls 
in the approaches. However, the book would be suitable as an introduc- 
tory undergraduate text for a course taught by an instructor experienced 
in pharmacokinetics. 


Reviewed by Marvin C. Meyer 
Department of Pharmaceutics 
College of Pharmacy 
University of Tennessee 


Memphis, TN 38163 
Center for the Health Sciences 


Progress in Drug Metabolism, Vol. 5. Edited by J. W. BRIDGES and 
L. F. CHASSEAUD. Wiley, 605 Third Ave., New York, NY 10016. 
1980.358 pp. 15 X 23 cm. Price $85.00. 
This volume is the fifth in a series concerned with various aspects of 


drug metabolism. This volume is similar to the previous four volumes in 
that five to six major, current, and timely topics are reviewed. These 
topics are not necessarily directly related other than that they are con- 
cerned with the general topic of drug metabolism. 


Chapter 1 deals with the distribution and role of cytochrome P-450 in 
extrahepatic organs and in prostaglandin metabolism. Steroidogenic 
organs also are extensively reviewed. The chapter does not include recent 
investigations involving cytochrome P-450 in the intestine and colon, and 
most references are pre-1978, although the volume was published in late 
1980. 


Chapter 2 addresses a topic on which relatively little information exists, 
namely species variations in xenobiotic metabolizing enzymes. The 
chapter is restricted to hepatic metabolism, primarily involving micro- 
somal monoxygenases, epoxide hydratase, and glucuronyltransferase. 
No information is provided on interspecies variation within hepatic and 
extrahepatic tissues. 
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Chapter 3 deals with the pharmacokinetics and metabolism of an ex- 
tensive array of nonsteroidal anti-inflammatory agents including sali- 
cylates, arylacetic acids, arylpropionic acids, and N-heterocycles. The 
importance of understanding the basic pharmacokinetic properties of 
these drugs is emphasized. Some evidence is presented that nonsteroidal 
anti-inflammatory agents concentrate in inflamed tissues, but the 
underlying mechanisms and implications are poorly understood. Most 
references involve work completed prior to 1978. 


Chapter 4 is concerned with the monitoring of drug disposition by 
immunoassay, providing a basic introduction to radioimmunoassays. In 
addition, there is an extensive discussion on enzyme immunoassays and 
also luminescent (fluorescent) immunoassays. An enormous amount of 
literature is now available on the immunoassay of drugs. The authors have 
provided a distillation and update of information on the background of 
immunoassays, including theories and applications ranging from practical 
to research uses. 


Chapter 5 deals with the pharmacokinetics and metabolism of indus- 
trial chemicals. Because of the large scope of this topic, the authors re- 
stricted their discussion to the use of pharmacokinetics involved in tox- 


icological evaluation of styrene, 2,4,5-trichlorophenoxyacetic acid, and 
l,4-dioxane. Also discussed is the use of pharmacokinetic concepts and 
risk assessment using vinylidene chloride and tetrachloroethylene as 
model compounds. The examples used stress the importance of inte- 
grating chronic toxicity bioassay results with the pharmacokinetics and 
resulting macromoleculecular events in assessing the risk of exposure to 
chemicals. 


The nature of the topics covered in this volume is extremely broad, 
as has been the case with previous volumes. The volume provides a useful 
addition to the review and evaluation of the literature concerned with 
drug metabolism. A major drawback of the volume is its price. However, 
Volume 5 certainly is an important addition to the library of these in- 
volved in the field of drug metabolism. 


Reviewed by Sidney J. Stohs 
College of Pharmacy 
University of Nebraska Medical Center 
Omaha, NE 68105 
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on the 5th and 6th days of infection (when the parasitemia was >0.01%) 
were trypanocidal to such an extent that no parasites were detected over 
90 days. The mice were tested every 15 days (Fig. 1). The other drugs, 
including the parent drugs (I and II), were less effective; they lowered 
parasitemias significantly but did not eliminate the parasites totally. Mice 
administered congocidine (I) or IV (40 mg/kg) three or more times died 
either from high parasitemia or from the toxic effect of the drug. Com- 
pound I1 was less toxic but also less effective against the parasite as 
compared with I. Six doses of I1 (40 mg/kg) did not affect the growth of 
the parasites, while five doses of 80 mg/kg inhibited the growth only 
partially. 


In uitro studies indicated that 111 was also the most effective compound 
against L. tropica amastigotes in C3H mouse mononuclear phagocytes 
(Fig. 2). In cultures treated with 10 pg of W m l ,  the parasite survival 
index indicated 50% survival on the 2nd day and 20% by the 4th day. 
Compounds IV (25 pg/ml) and I1 (100 pg/ml) also reduced growth but 
were not as effective as 111. Cytotoxicity to host cells was observed at  25, 
50,50, and 200 pg/ml of I, 111, IV, and 11, respectively. 


The doses used were the minimal effective nontoxic ones. Thus, no 
inhibitory effects on the growth of L. tropica were seen when I1 and IV 
were given in a concentration of <lo0 and 25 pg/ml, respectively. The 
monopyrrole analog of congocidine (VI) had the same effect against T. 
congolense as the parent drug. Its position isomer (VII) was completely 
inactive. 


DISCUSSION 


In two antiparasitic tests, the tripyrrole derivative of congocidine (111) 
was more potent and less toxic than congocidine and more potent than 
its analog (IV). Although less toxic than congocidine, IV demonstrated 
the same inhibitory activity as the parent drug in the two systems tested. 
These results showed that there are considerable structural requirements 
in the congocidine series for their antiparasitic activity. 


I t  was reported previously (15) that the tripeptide (IV) is more active 
in some antiviral tests than the dipeptide congocidine (I). However, this 
modification alone did not improve the antiparasitic activity, although 
it improved the therapeutic index. Surprisingly, the addition of a methyl 
group to the P-aminopropionamidine moiety in IV, leading to 111, in- 
creased the antiparasitic activity and further improved the therapeutic 
index. The fact that distamycin A was totally inactive in the two anti- 
parasitic tests demonstrated that the guanidinoacetyl moiety in the 


congocidine molecule cannot be replaced by a formamido moiety, con- 
trary to observations in the antiviral field. 
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Abstract 0 An ion-pair reversed-phase high-performance liquid chro- 
matographic system is used to separate carbenicillin from carbenicillin 
penicilloic acid, carbenicillin penilloic acid, penicillin G, penicillin G 
penicilloic acid, and penicillin G penilloic acid. Conditions are provided 
for resolution of the carbenicillin diastereomer pair and for elution as a 
single peak, facilitating quantitation. 


Keyphrases Carbenicillin-degradation products, high-performance 
liquid chromatographic analysis, mobile phase modifications 0 High- 
performance liquid chromatography-analysis, carbenicillin, resolution 
of diastereomer pair or single-peak elution by mobile phase modifications 


Antibiotics-carbenicillin, high-performance liquid chromatographic 
analysis, mobile phase modifications Degradation-carbenicillin, 
high-performance liquid chromatographic analysis 


Carbenicillin, a broad-spectrum 
cillin-type antibiotic, is important 


semisynthetic peni- 
because of its anti- 


pseudomonal and antiproteus effect. Most classical ana- 
lytical methods available for penicillin purity or potency 
determinations are applicable to carbenicillin; the iodo- 
metric and hydroxylamine methods and the microbio- 
logical agar diffusion assay are the most widely used. The 
latter method is the one specified by the Antibiotic Reg- 
ulations of the Food and Drug Administration (1). Car- 
benicillin monosodium monohydrate is used as a reference 
standard for this assay (2). 


.BACKGROUND 


Recent literature (3-6) indicated that high-performance liquid chro- 
matography (HPLC), especially reversed-phase or ion-pair reversed- 
phase HPLC on microparticulate (< 10 pm) bonded packing materials, 
is amenable to the analysis of penicillins. In many penicillin analyses, 
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Figure 1--Chromatograms of carbenicillin (0.850 mglml) with a mobile 
phase of 37% methanol a t  1.2 rnllmin and the detector wavelength a t  
220 nm. K e y  (pH of mobile phase): A, 3.00; B, 3.35; C, 3.70; and D, 
4.35, 


HPLC procedures are the methods of choice because of demonstrated 
precision, accuracy, speed, and ability to provide ancillary information 
relative to the nature and identity of purity-depressing substances such 
as reaction by-products or natural degradation products present in the 
sample. In addition, the analyses often can be accomplished when the 
drug is part of a complex mixture such as a biological fluid or blend for- 
mulation. 


Carbenicillin is a somewhat unique semisynthetic penicillin in that the 
normal synthesis routes produce a diastereomer mixture. This mixture 
complicates quantitative analysis by HPLC since reversed-phase mi- 
croparticulate column packings generally are selected for their ability 
to separate the components of a mixture. Thus. the same criterion used 
to select HPLC as an analytical method for carbenicillin can negate its 
quantitation since the carbenicillin diastereomers tend to elute as two 
peaks, except when the chromatographic conditions are closely controlled. 
This tendency is especially true when methanolic mobile phases and high 
efficiency columns are used. 


This report describes the mobile phase modifications used with a 5-pm 
octadecylsilyl-bonded silica-based column to provide either separation 
of the carbenicillin diastereomers or elution as one peak, depending on 
the desires of the analyst. In addition, separation of carbenicillin from 
some of its possible degradation products is demonstrated. 


INJECT 
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Figure 2-Chromatograms of carbenicillin (1.944 mglml) spiked with 
5 8 %  degradation products. The mobile phase was 35% methanol (pH 
3.35) a t  1.3 mllmin, and the detector was a t  254 nm. Key: 1, carbenicillin 
penilloic acid; 2, carbenicillin penicilloic acid; 3, penicillin G penilloic 
acid epimer; 4, penicillin G penilloic acid epimer; 5,  penicillin G peni- 
cilloic acid epimer; 6, penicillin G penicilloic acid epimer; 7, carbeni- 
cillin; and 8, penicillin G. 


EXPERIMENTAL 


Apparatus-The liquid chromatograph system consisted of a con- 
stant-flow pump', a fixed-volume loop injection valve2, a 150 X 4.6-mm 
i.d. column packed in this laboratory by the method of Broquaire (7) with 
5-pm Spherisorb ODs3, a variable-wavelength UV detector4, an electronic 
integrator5, and a potentiometric recorder6. 


Reagents-Distilled water and distilled-in-glass methanol7 were used. 
Production lotss of carbenicillin and penicillin G were used in the prep- 
aration of the degradation products by published methods (8). The re- 
maining chemicals were reagent grade. 


Mobile Phase-The mobile phases consisted of 35 or 37% methanol 
with the balance being 0.05 M KH2P04 (v/v). Tetrabutylammonium 
bromideg (0.170, w/v) was added as the ion-pair reagent. The pH was 
adjusted with 10% HsP04, and the solution was degassed (laboratory 
vacuum) for 5 min prior to the initial use. Flow rates between 1.0 and 1.5 
ml/min were employed. 


Carbenicillin Solutions-A laboratory working standard of car- 
benicillin monosodium monohydrate dissolved in 0.02 M phosphate 
buffer (pH 7.0) was used for the liquid chromatographic work. 


RESULTS AND DISCUSSION 


The HPLC resolution of the carbenicillin diastereomer pair and the 
subsequent quantitation problem were discussed previously (6). Dia- 
stereomers of other penicillins and cephalosporins were separated by 
HPLC (9), and the relationship of the mobile phase composition and pH 
on the degree of resolution was shown. The HPLC resolution of the car- 
benicillin diastereomers with a reversed-phase system and a micropar- 
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ticulate columnlo first was observed in this laboratory in 197411, but the 
mobile phase pH effects were not understood fully a t  that  time. 


I t  was determined in the present study that the carbenicillin diaste- 
reomers can be either resolved or eluted as a single peak, depending on 
the mobile phase pH (Figs. 1A-ID). The conditions used to produce the 
chromatogram of Fig. 1B are more conducive to quantitation, either by 
manual or electronic methods. For example, Yamaoka et al. (6) were 
required to use a gravimetric method (cutting and weighing the HPLC 
recorder tracing) to obtain quantitative results. 


Carbenicillin degrades uia hydrolytic or decarboxylative routes. 
Penicillin G, which results from the carbenicillin side-chain decarbox- 
ylation, was present at  a low level in the working standard of carbenicillin 
monosodium monohydrate, as evidenced by the peak near 17 min in Fig. 
1B. Some carbenicillin samples were found to contain penicillin G sodium 
in amounts between 3.5 and 4.9% (10). The working standard also con- 
tained other process-related substances at  low levels which eluted be- 
tween 3 and 7 min. 


T o  demonstrate assay noninterference, carbenicillin and penicillin G 
degradation products were synthesized by the methods reported previ- 
ously ( B ) ,  with one anomaly; the yield of penicillin G penicilloic acid as 
its monosodium salt monohydrate was significantly less than was re- 
ported, and this substance crystallized only with great difficulty. In ad- 
dition, the conditions stated for the preparation of carbenicillin penicilloic 
acid apparently provide a mixture of epimers in an approximate 60:40 
ratio, as evidenced by HPLC. Only one epimer crystallized. 


The carbenicillin degradation products were essentially pure by 
HPLCIZ. The physical data obtained13 were consistent with those re- 
ported (8, 11). A synthetically prepared mixture of carbenicillin, car- 
benicillin penicilloic acid, carbenicillin penilloic acid, penicillin G, pen- 
icillin G penicilloic acid, and penicillin G penilloic acid was subjected to 
chromatographic analysis. The chromatogram of Fig. 2 shows that car- 


lo Micropak CH, 30 cm X 2.1 mm id. ,  Varian, Palo Alto, Calif. 
l 1  Unpublished results. 
l 2  Penicillin G penicilloic and penilloic acids, and carbenicillin penicilloic acid 


13 Specific rotation, elemental analysis, IR spectra, equivalent weight. iodine 
to a lesser extent, tended to epimerize at the conditions (pH 3.35) used. 


titration, and Karl Fischer water determination. 


benicillin was separated adequately from the degradation products used 
and that the carbenicillin peak could be quantitated easily. 


A detector linearity study for carbenicillin concentrations, as its 
monosodium salt monohydrate, between 0.25 and 4.05 mg/ml in pH 7.0 
phosphate buffer, showed an origin-oriented linear response a t  254 nm. 
The calibration curve a t  254 nm was characterized with a regression 
coefficient of 0.9998. 


Reproducibility was demonstrated with 10 replicate analyses of the 
same solution (1.634 mg/ml) at 15-min intervals. The carbenicillin peaks 
were quantitated electronically by area, and the relative standard de- 
viation was 0.79%. 


Dissolving the carbenicillin working standard in the mobile phase 
adjusted to pH 7.0 caused a slow but steady degradation of carbenicillin. 
However, solutions of carbenicillin in 0.02 M phosphate buffer (pH 7.0) 
were stable for a t  least 5 hr. 


This HPLC procedure is readily adaptable to the determination of 
penicillin G in carbenicillin samples and, with appropriate mobile phase 
modifications, has utility for the analysis of other penicillins. 
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Abstract The conditions of sorption of penicillins and cephalosporins 
on nonionic macroporous copolymers of styrenedivinylbenzene were 
evaluated. By increasing the methanol concentration in the eluent, the 
sorption decreased. Salts exerted little influence on sorption. However, 
pH exerted a remarkable effect on sorption, and the capacity factor 
variations according to the pH are quantitatively described. Some typical 
separations are shown. 


Keyphrases Cephalosporins-interactions with a nonpolar, macro- 
porous styrenedivinylbenzene copolymer stationary phase 0 Penicil- 
lins-interactions with a nonpolar, macroporous styrenedivinylbenzene 
copolymer stationary phase Capacity factors-cephalosporins and 
penicillins, interactions with a nonpolar, macroporous styrenedivinyl- 
benzene copolymer stationary phase Antibiotics-cephalosporins and 
penicillins, interactions with a nonpolar, macroporous copolymer sta- 
tionary phase 


Nonionic polymers have come into use recently as 
nonpolar stationary phases in high-pressure liquid chro- 
matography (HPLC), primarily because of the work of 
Pietrzyk and coworkers (1-5). The main advantages of 
these kinds of packing are their low cost, ability to function 
at any level, compatibility with most solvents, and high 
adsorbency properties. 


Penicillins and cephalosporins are P-lactam antibiotics 
produced by acylation with different radicals of the amino 
groups of 7-aminocephalosporanic, 7-aminodeacetoxy- 
cephalosporanic, or 6-aminopenicillanic acids, which give 
cephalosporins, deacetoxycephalosporins, or penicillins, 
respectively. They are particularly suitable as models to 
study the effect of protonic equilibria on retention by 
nonpolar macroporous copolymers because of their 
structural similarities and, depending on the medium pH, 
they can be found in undissociated, anionic, cationic, or 
zwitterionic form. 


In this study, a macroporous styrenedivinylbenzene 
copolymer1 adsorbent with an average surface area of 780 
m2/g and an average pore diameter of 50 A (3) was used. 
The purposes of this work were to study the variables af- 
fecting the retention of penicillins and cephalosporins on 
resin copolymers and to demonstrate that the equations 


Amberlite XAD-4. Rohm & Haas Chemical Co. 


describing the retention of ionic solutes by the nonpolar 
stationary phases are applicable to the interactions of 
penicillins and cephalosporins with the copolymer. The 
results may assist in the development of new analytical 
methods and may improve P-lactam antibiotic extraction 
and purification methods; the optimum conditions of ad- 
sorption and elution may then be predicted. 


EXPERIMENTAL 


7-Aminodeacetoxycephalosporanic acid (I), 7-phenylacetamido- 
deacetoxycephalosporin (11), cephalexin (III), cephradine (IV), 7-ami- 
nocephalosporanic acid (V), cephalosporin C (VI), cephalothin (VII), 
cephaloridine (VIII), cefazolin (IX), 6-aminopenicillanic acid (X), am- 
picillin (XI), penicillin G (XII), penicillin V (XIII), phenoxyethylpeni- 
cillin (XIV), 7-aminodeacetylcephalosporanic acid (XV), and deacetyl- 
cephalothin (XVI) were used as supplied2. 


The macroporous styrenedivinylbenzene copolymer1 was supplied as 
spheres with an average size of -500 pm. The resin particles were washed 
by extraction (soxhlet) with methanol and allowed to dry; they then were 
ground and sieved, with the 40-70-pm particles being selected (1). The 
size distribution of these particles was analyzed3. 


The chemicals were the highest commercial grade available and were 
used without any further purification. The buffer solutions were 0.05 M 
phosphate, and sodium sulfate was used to obtain the desired ionic 
strength. The mixtures of methanol-buffer solution were expressed in 
volume percent. 


Chromatographic Conditions-A 2.5 X 600-mm steel column, 
equipped with suitable fittings and a 10-pm filter, was dry packed with 
the copolymer between 40 and 70 pm. 


The liquid chromatograph was fitted with a pump4, a 20.~1 sample 
valve injector5, a 250-nm UV detector6, and a strip-chart recorder7. 


The chromatographed substances were prepared in the mobile phase 
at  a concentration of 0.5 mg/ml, except for the penicillins, which were 
dissolved at a concentration of 3 mg/ml. In each case, a 20-p1 aliquot was 
injected. The flow was maintained at 0.5 ml/min, and the sensitivity of 
the UV detector was set between 0.004 and 0.128 aufs, according to the 
absorptivity of the analyzed product. 


The capacity factors (k ’ )  were calculated in accordance with: 


(Eq. 1) 


Courtesy of Antibibticos, S.A., Madrid, Spain. 
Sharples Micromerograph, Franklin Electronics, Bridgeport, Pa. 
Constametrik 00, Laboratory Data Control. 
Model 7120, Rheodyne. 
UV 111 monitor, Laboratory Data Control. 
Model XER, Sargent-Welch Scientific Co., Skokie, Ill. 
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Table I-Apparent pK'a Values of Investigated Substances 
Determined Potentiometrically at 20", an Ionic Strength of 0.15, 
and 50% (v/v) Methanol I,-\ 


Compound pK'a1 PK'az 


I 
I1 


111 
IV 
V 


VII 
IX 
X 


XI . -~ 
XI1 


XI11 
XIV 


3.63" 
4.41 
4.51 
4.63 
3.49" 
4.32 
3.85 
3.04= 
4.11 
4.36 
4.40 
4.49 


5.16" 
- 


6.97 
7.19 
4.71" 
- 
- 


4.90" 
6.84 
- 


Zero percent methanol (Ref .  6 ) .  


where VR is the elution volume of the chromatographic peak and VO is 
the column void volume, determined as the elution volume of a nonre- 
tained peak. 


Analysis of Experimental Data-The numerical analysis of exper- 
imental data was carried out on a calculator@ programmed for a nonlinear 
least-squares fit. 


Determination of pKa-The apparent pKa values were potentio- 
metrically determined previously (6) under the conditions of the mobile 
phases used, except for an ionic strength of 0.15,50% water-methanol, 
and room temperature, which were determined in the present study. 


RESULTS AND DISCUSSION 


The structures of the P-lactam substances studied were indicated 


The apparent pKa values for the penicillins and cephalosporins were 
previously (6). 


200 


Figure 1-Capacity factors, k', of acidic penicillins and cephalosporins 
on resin columns as a function of p H  using mobile phases of50% (ulv) 
methanol-0.05 M phosphate buffer at an ionic strength of 0.15. The 
continuous lines are the result of the nonlinear least-squares f i t  of the 
pairs of experimental k'lpH values to Eq. 2. 


Texas Instruments TI-59. 
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PH 
Figure %-Capacity factors, k', of amphoteric pencillins and cephalo- 
sporins on resin columns as a function of p H  using mobile phases of 50% 
(ulv) methanol-0.05 M phosphate buffer at an ionic strength of 0.15. 
The continuous lines are the result of the nonlinear least-squares fit 
of the pairs of experimental k'lpH values to Eq. 3. 


studied in a 50% (vlv) methanol solution at an ionic strength of 0.15 and 
at room temperature (Table I). 


Under the microscope, the resin particles were irregular in shape, with 
no dimension predominating over any other. The average size was -55 
pm. The size distribution analysis showed the particles to he 20-70 pm, 
with 50% (w/w) being <45 pm. The dry-packed column of resin showed 
an efficiency in which the height values of the theoretical plate were 4 . 0 6  
cm. 


The peak tailings shown with the asymmetry factor calculated as 10% 
of the height of the peaks (7) were similar to those obtained with 30- 
70-pm octadecylsilica columns. Column permeability was relatively low. 
The values found for the Permeability coefficient (8) were -4 X cm2, 
considerably lower than those estimated by the Kozenzy-Carmen ex- 
pression (8). This result is probably due to the unevenness of the resin 
particles since the smallest particles occupy the voids of the largest ones, 
thus giving a tighter packing than exists when all particles are of equal 
size. 


Effect of pH-Although macroporous styrenedivinylbenzene co- 
polymer permits the use of mobile phases at any pH, the instability of 
penicillins and cephalosporins in highly acidic or alkaline media limited 
this study to pH levels of 2.7-7.5. 


The capacity factors of the penicillins and cephalosporins were studied 
on the resin column using 0.05 M phosphate buffer-methanol 50% (v/v) 
at different pH as the mobile phase (Figs. 1 and 2). 


For nonpolar stationary phases, general equations have linked (6,9) 
the variations of capacity factors of each solute ionic form. These general 
equations, worked out for nonpolar stationary phases and based on hy- 
drophobic interactions, also are valid for describing variations in the 
capacity factors of penicillins and cephalosporins on macroporous 
styrenedivinylbenzene resins as a function of the mobile phase pH, as 
will be shown. 


Acidic Penicillins and Cephalosporins-Cephalosporins and pen- 
icillins, inasmuch as they are weak acids, may be found in neutral, un- 
dissociated, or anionic form depending on the medium pH. The hydro- 
phobic interactions of undissociated cephalosporins and penicillins with 
the nonpolar resin phase will be greater than for the corresponding ionic 
forms. 


A t  high pH, distant from pKa, capacity factors are small and constant. 
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Table 11-Capacity Factors of Anionic (kLl) and Undissociated 
(kb) Forms of Penicillins and Cephalosporins in 50% (v/v) 
Methanol 


Compound 
I1 VII IX XI1 XI11 XIV 


kb 113 71.5 39.7 103 444 461 
k-, 10.0 15.6 2.66 15.2 39.5 43.3 


Table 111-Capacity Factors of Anionic ( kLl), Zwitterionic (kb), 
and Cationic (k;,) Forms of Amphoteric Penicillins and 
Cephalosporins in 50% (v/v) Methanol 


Compound 
111 IV XI 


0.93 1.58 0.92 
4.69 6.59 4.32 


k;, 6.29 7.63 5.17 


As the pH is lowered and approaches the pKa values, the anionic and the 
undissociated forms begin to coexist and the capacity factors increase. 
A t  acidic pH, where only the undissociated form may be found, the ca- 
pacity factors are again constant and higher than those for high pH 
levels. 


The quantitative description of the variations in the capacity factors 
with the concentration of hydronium ions may be expressed by (6 ,9 ) :  


kiJ 
k -1 


where k o  and k-1 are the capacity factors of the dissociated and anionic 
forms, respectively; Ka is the dissociation constant of penicillins or 
cephalosporins at 50% (v/v) methanol at an ionic strength of 0.05; and 
[H+] is the concentration of hydronium ions in the mobile phase. 


In Fig. 1, the continuous line is the result of the nonlinear least-squares 
fit of experimental values of k’lpH to Eq. 2. An acceptable agreement 
exists between the theoretical provisions of Eq. 2 and the experimental 
values. All of the curves obtained have the same shape. The pH value at 
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Figure 3-Capacity factors, k‘, of penicillins and cephalosporins on  
resin columns using mobile phases of 0.05 M phosphate buffer at p H  
5.5 and various methanol concentrations. 


the inflection point is that of the pKa, and the pKa values found poten- 
tiometrically coincide favorably with those obtained from the curves in 
Fig. 1. 


By applying the experimental data (k’/pH) to Eq. 2 using nonlinear 
least-squares fit, the capacity factors for the undissociated and anionic 
forms of each penicillin and cephalosporin studied were calculated (Table 
11). 


Amphoteric Penicillins and Cephalosporins-The variations in 
the capacity factors of amphoteric cephalosporins and penicillins on 
stationary phases of nonpolar resins can be described by (6 ,9 ) :  


Ka z [H+l 
k’ = [H+l Ka 1 


K a z  [H+l 
[H+l Kal 


ko t k-1- + k+i- 
(Eq. 3)  


1 t - + -  


where ko, k-1, and k + l  represent the capacity factors of zwitterionic, 
anionic, and cationic forms, respectively; and Ka,  and Ka, represent the 
first and the second dissociation constants of penicillins or cephalosporins 
a t  50% (v/v) methanol at an ionic strength of 0.05, respectively. 


In Fig. 2, the continuous lines are obtained from the nonlinear least- 
squares fit of the experimental k’lpH values to Eq. 3. All of the curves 
obtained have the same shape, with the minimums coinciding with the 
pH value at the isoelectric point. The minimum of retention is due to the 
fact that the zwitterion form has a double charge (positive and negative), 
so the hydrophobic interactions with the resin are less than those of the 
anionic and cationic forms. 


By applying the experimental k’lpH values to Eq. 3 by nonlinear 
least-squares fit, the capacity factors of the anionic, cationic, and zwit- 
terionic forms of the cephalosporins and penicillins were calculated 
(Table 111). 


As expected, the capacity factors for the zwitterionic form are con- 
siderably smaller than those of the other molecular forms. The capacity 
factors of cationic forms are somewhat greater than those of anionic ones, 
which could imply that the undissociated carboxylic acid group con- 
tributes to  adsorption more than does the uncharged amine group. 


Being more polar then penicillins and cephalosporins, I, V, and X are 
less retained by the nonpolar column. The differences observed in the 
capacity factors with pH are small so the relative errors are large, which 


-v I pH L M I  


-v I pH:ZDO 


- : : : : : : : : . : . : ’ . : : . .  
0.15 0.30 0.50 0.75 1.00 


IONIC STRENGTH 


Figure 4-Capacity factors, k‘, of I ,  V, and X on  resin columns using 
mixtures ofO.05 M phosphate buffer at the pH indicated with 20% (ulv) 
methanol and variable ionic strengths as the mobile phases. 
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Table IV-Capacity Factors of Anionic (kLI), Zwitterionic (kb), 
and Cationic (k'+,) Forms of 7-Aminocephalosporanic (V), 6- 
Aminopenicillanic (X), and 7-Aminodeacetoxycephalosporanic 
(I) Acids in  50% (v/v) Methanol 


Compound 
V X I 


1.0 0.78 0.56 
0.82 0.61 0.59 


k , ,  0.92 0.73 0.69 


kb 
k;l 


implies that the application of Eq. 3 may be doubtful (Fig. 2). The results 
obtained for the capacity factors of the various forms are given in Table 
IV. 


Influence of Penicillin and Cephalosporin Structure on Capacity 
Factors-Penicillin and cephalosporin nuclei are retained little by the 
nonpolar stationary phase of the resin. 7-Aminocephalosporanic acid (V), 
which has an acetoxy group in position 3 of the thiazine ring, is somewhat 
more retained than I and X. Acids I and X have very similar retention 
times, with that of the latter being somewhat greater. 


Amphoteric a-aminophenylacetamide penicillins and cephalosporins 
have substantially higher capacity factors than their respective nuclei. 
Nevertheless, these factors are remarkably lower than those found for 
the acidic penicillins and cephalosporins. Within the group of amphoteric 
penicillins and cephalosporins, the least retained is ampicillin. 


Within the deacetoxycephalosporins, cephradine is more retained than 
cephalexin, probaly due to the fact that the aromatic ring of cephalexin 
contributes to adsorption less than does the 2,4-cyclodihexene ring of 
cephradine. 


Of the penicillins and cephalosporins studied that possess only one 
carboxylic group, the least retained is cephaloridine. In position 3 of the 
cephaloridine thiazine ring, the substitution of the pyridinic cation by 
the acetoxy group produces cephalothin, which, being much less polar, 
is retained considerably longer than cephaloridine. Cefazolin has inter- 
mediate capacity factors. 


7-Aminocephalosporanic acid (V) and 6-aminopenicillanic acid (X), 
which have the same lateral chain and differ only as regards the nucleus, 
have very similar capacity factors. However, both V and X possess higher 
capacity factors than their respective nonacylated nuclei. 


The introduction of phenoxy groups in the lateral chain of penicillins 


501 


0.10 0.20 0.30 0.40 0.50 
IONIC STRENGTH 


Figure 5-Capacity factors, k', of some penicillins and cephalosporins 
on resin columns using mixtures of 0.05 M phosphate buffer at the pH 
indicated with 20% (u/u) methanol and variable ionic strengths as the 
mobile phases. 


,..___ I !  


Figure 6-Separation of 7-aminodeacetylcephalosporan.ic acid (X V), 
7-aminocephalosporanic acid (V), and 7-aminodeacetoxyeephalospo- 
runic acid (I) on 2.5 X 600-mm resin columns. Key: a, 0.05 M phosphate 
buffer (pH 4.5) with 5% (ulu) methanol; and b, linear gradient elution 
(- - -) with 0.05 M phosphate buffer (pH 4.5) with from 5 to 30% (ulu) 
methanol. 


produces much higher capacity factors. Phenoxymethylpenicillin and 
phenoxyethylpenicillin are the most retained of those studied, the latter 
being somewhat retained owing to its slightly lesser polarity (Fig. 1). 


Effect of Mobile Phase Methanol Content-The retention of 
p-lactam substances by nonpolar macroporous styrenedivinylbenzene 
copolymers was studied using a mobile phase of 0.05 M phosphate buffer 
(pH 5.5), an ionic strength of 0.15, and different methanol contents. 


As the methanol content of the mobile phase rose, the capacity factors 
decreased (Fig. 3). For the amphoteric substances I, 111-V, X, and XI, 
the effect of the methanol content of the mobile phase on retention was 
not great, especially when compared with that of methanol on the re- 
tention of penicillins and cephalosporins having a single carboxyl 
group. 


At pH 5.5, at  which this study was conducted, amphoteric penicillins 
and cephalosporins are mainly in zwitterionic form whereas acidic pen- 
icillins and cephalosporins are principally anionic, so the polarity effect 
of the mobile phase is much greater on the latter than on the former. 


In any event, 111, IV, and XI had higher polarities than I1 and VII. 
Thus, it seems natural that mobile phase polarity should have a greater 
effect on the retention of less polar penicillins and cephalosporins. 


Effect of Mobile Phase Ionic Strength-The effect of the ionic 
strength on the capacity factors of I, V, and X on resin was studied using 
mobile phases of 0.05 M phosphate buffer a t  pH 2.0,4.0, and 7.0 with 2Wo 
(v/v) methanol. These pH levels were chosen to study the influence of 
the ionic strength on each ionic form (anionic a t  pH 7.0, zwitterionic a t  
pH 4.0, and cationic a t  pH 2.0). 


As shown in Fig. 4, the ionic strength had little influence on the capacity 
factors of I and X. A slight increase was observed in the retention of these 
acids as the ionic strength increased at alkaline pH, where both acids are 
anionic. For V, at pH 2.0 and 4.0, where it exists in cationic or zwitterionic 
form, respectively, the capacity factors were practically constant, with 
only a slight decrease as the ionic strength increased. At  pH 7.0, the re- 
tention increased as the saline concentration increased. This phenomenon 
may be explained by the formation of ionic pairs between the carboxylate 
anion and the positive ions of the medium, which could alter their polar 
nature andlor the orientation of the molecules on the adsorbent sur- 
face. 


The effect of the ionic strength on the retention of certain cephalo- 
sporins on nonpolar copolymers also was studied using mobile phases of 
0.05 M phosphate buffer at pH 2.5 and 8.5 and a methanol content of 50% 
(vlv). The capacity factors of the cephalosporins studied varied little with 
the ionic strength of the mobile phase (Fig. 5). At pH 2.5, where the 
cefazolin is undissociated and cephalexin and cephaloridine are cationic, 
the capacity factors did not vary with increasing ionic strengh. At  pH 8.5, 
where the cephalosporins are anionic, the representation k'lp gives 
straight lines with a slightly positive slope. As in the previous case, a 
possible explanation could be the formation of ion-pairs as the ionic 
strength is increased, which could entail a rise in the contribution of the 
carboxylate anion on retention. 


Applications-The results previously obtained were used to select 
the conditions for penicillin and cephalosporin separations. 
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Figure 7-Separation of 7- 
aminocephalosporanic acid 
(V),  deacetylcephalothin 
(XVI ) ,  and cephalothin (Vl l )  
on resin columns; linear gra- 
dient elution (- - -) with 0.05 M 
phosphate buffer (pH4.5) with 
from 35 to 60% (ulu) meth- 
anol. 
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Figure 8-Separation of 7- 
aminodeacetorycephalospora - 
nic acid (I) and cephalerin ( I l l )  
on resin columns; linear gradi- 
ent elution (- - -) with 0.05 M 
phosphate buffer (pH 4.5) with 
from 20 to 45% (u/u) methanol. 


10 20 30 40 50 
TR, min 


Figure 6 shows the separation from 7-aminocephalosporanic acid of 
two of its most frequent impurities, 7-aminodeacetoxycephalosporanic 
acid and deacetyl-7-aminocephalosporanic acid. The results obtained 
in an isocractic system and with gradient elution are shown in Figs. 6a 
and 66, respectively. 


Other examples of separation are shown in Figs. 7 and 8. In the former, 
cephalothin is separated from some of its possible impurities, 7-amino- 
cephalosporanic acid and deacetylcephalothin. In the latter, cephalexin 
is separated from 7-aminodeacetoxycephalosporanic acid. 


Comparison of Stationary Phases of Nonionic Styrenedivinyl- 
benzene Copolymers with Octadecylsilica-The chromatographic 
interactions of penicillins and cephalosporins with the stationary phase 
of octadecylsilica were studied previously (6). From comparison of these 
results with those in the present work using polystyrenedivinylbenzene 
resins, the following conclusions can be drawn: 


1. Polystyrenedivinylbenzene behaves as a reversed phase in a similar 
manner as the stationary phase of octadecylsilica. The same equations 
describe the capacity factor variations with pH for each stationary 
phase. 


2. Even if the particle size for each column is similar, that of octade- 
cylsilica has a theoretical plate height of about three times less than resin 
columns under the same conditions. 


r - - -  -- 


I s\ I 


10 20 30 40 
TR, min 


3. The interactions among p-lactam antibiotics are more intense with 
resins than with octadecylsilica. Therefore, when using the resin column, 
a greater methanol content in the mobile phase is required than when 
the octadecylsilica column is used. 


The octadecylsilica column is more appropriate for chromatographic 
separations of penicillins and cephalosporins than are columns of 
styrenedivinylbenzene copolymer. However, given the low cost of non- 
ionic resins, adsorption-elution conditions may have many applications 
in extraction and purification processes of penicillins and cephalo- 
sporins. 
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Abstract 2,4-Diamino-5-methyl-6-[(3,4,5-trimethoxyanilino)- 
methyllquinazoline (I) is a promising new “nonclassical” antifolate. In- 
hibition of dihydrofolate reductase from bacterial (Lactobacillus casei) 
and mammalian (beef liver) sources was employed to develop useful 
enzymatic assays for this compound. A linear relationship was obtained 
by plotting the I concentration uersus 1/V. The resultant standard curves 
maintained linearity particularly well between the 30 and 70% control 
range, with a correlation coefficient of 0.99 for both enzyme systems. The 
two enzyme systems are characterized by differences in sensitivity, sta- 
bility, and day-to-day variation. The ID60 for the beef liver reductase 
system was 1.6 X lo-$ M (f0.3); for the L. casei system, it was 1.35 X lo-* 
M (f0.2). The apparent advantage for the beef liver enzyme was offset 
somewhat by its relative instability and its higher day-to-day variability. 
Studies in mice demonstrated that these assays are suitable for phar- 
macokinetic studies in uiuo. Such studies indicated that I has a serum 
t l / z  of 45 min in mice; a similar serum t1/2 (50 min) was estimated in 
studies with 14C-labeled I in position 6. 


Keyphrases 0 2,4-Diamino-5-methyl-6-[(3,4,5-trimethoxyani~ino)- 
methyl]quinazoline-two enzyme assays using beef liver reductase and 
Lactobacillus casei ~1 Enzymatic analyses-2,4-diamino-5-methyl-6- 
1 (3,4,5-trimethoxyanilino)methyl]quinazoline using beef liver reductase 
and Lactobacillus casei 0 Antifolates-2,4-diamino-5-methyl-6- 
[(3,4,5-trimethoxyanilino)methyl]quinazoline enzymatic analyses using 
beef liver reductase and Lactobacillus casei 


2,4-Diamino-5-methyl-6-[ (3,4, 5-trimethoxyani1ino)- 
methyl]quinazoline (I) is a potent inhibitor of dihydrofo- 
late reductase [ 5,6,7,8-tetrahydrofolate:NADP+ oxidore- 
ductase (EC 1.5.1.3)]. Compound I was originally synthe- 
sized by Elslager and colleagues as part of an effort to de- 
velop quinazoline antifolates with useful antiprotozoal 
activity (1). Interest in possible antineoplastic applications 
of I was stimulated when the agent was reported (2) to be 
a potent inhibitor of the enzyme from several sources, in- 
cluding the L-1210 murine leukemia line. 


In comparison to methotrexate, I offers several qualities 
that may prove advantageous clinically. Since it is a much 
more lipophilic derivative than is methotrexate, it may 
penetrate the central nervous system (CNS) more readily 
and thus be more effective than methotiexate against CNS 
neoplasms. 


Bertino (3) commented upon the increased uptake of I 
into neoplastic cells compared to methotrexate, and he and 
his colleagues (4) reported also that I is effective against 
a wider range of transplantable murine tumors than is 
methotrexate. Methotrexate, a weak dicarboxylic acid 
(pKa 4.7), can be metabolized to a 7-hydroxy metabolite, 
which may contribute to its nephrotoxicity (5). High-dose 
methotrexate therapy is associated with significant clinical 
nephrotoxicity in patients, despite vigorous hydration and 
alkalinization of the urine (6).  It is possible that I may offer 
an advantage as a substitute for methotrexate in high-dose 
antifolate regimens. 


I 


Studies are underway to determine the pharmacokinetic 
and pharmacodynamic properties of I relative to those of 
methotrexate. This article reports two enzymatic assays 
for this “nonclassical” antifolate. 


EXPERIMENTAL 


Beef liver dihydrofolate reductase is available commercially’ in 5-unit 
vials. The enzyme was prepared just prior to use by diluting 3 pl of the 
commercial suspension in 2 ml of chilled 0.1 M phosphate buffer a t  pH 
7.0. Lactobacillus casei dihydrofolate reductase was obtained2 in 20-unit 
vials. This stock enzyme solution was prepared by dissolving 1 mg of 
powder in 4 ml of 0.1 M phosphate buffer a t  pH 7.0. 


The assay system employed was a slight modification of that described 
by Burchall and Hitchings (7), involving measurement of the decrease 
in absorbance a t  340 nm, catalyzed by dihydrofolate in a 1-ml system. 
The system was composed of NADPH3 (1 X M), 2-mercaptoethanol 
(1 X M), and dihydrofolate 16.6 X l O W  M ,  prepared according to 
Futterman (8)] in 0.1 M phosphate buffer a t  pH 7.0. The quantity of 
enzyme solution used for each assay was sufficient to produce an ab- 
sorbance decrease of 0.17 unit for the beef liver and of 0.2 unit for the L. 
casei systems over a 10.5-min assay period. The enzyme assays were 
performed4 a t  a chamber temperature of 37”. A reference blank con- 
taining buffer, enzyme, and 2-mercaptoethanol was employed during each 
run. 


M and 
then serially diluted in 0.1 M phosphate buffer at pH 7.0 to give a suitable 
range of concentrations. After a 5-min preincubation at  37”, first NADPH 
and then dihydrofolate (as a 1:3 dilution in 0.1 M phosphate buffer at  pH 
7.0) were added to the cells to initiate the enzymatic reaction. Controls 
without inhibitor were run with each assay. A NADPH control (reaction 
mixture minus dihydrofolate) was run daily to assess absorbance changes 
due to NADPH oxidation. This value was subtracted from each value 
determined to give a more accurate control and inhibitor value. Ab- 
sorbance changes were measured every 90 sec for 10.5 min, and IDso 
values were obtained by a least-squares regression analysis of the lines 
determined by plotting the enzyme activity versus the inhibitor con- 
centration. 


Compound I was formulated for intravenous administration to mice 
by solubilizing 10 mg in 0.4 ml of propylene glycol with stirring. After 
solubilization, the addition of 0.6 ml of normal saline produced a solution 
suitable for injection. Injections were made into the tail vein of female 


Compound I was dissolved in dimethyl sulfoxide a t  1.1 X 


Sigma Chemical Co., St. Louis, MO 63178. 
2 New England Enzyme Center (Tufts University, School of Medicine), Boston, 


P. L. Biochemicals, Milwaukee, WI 53205. 
Beckman 25 kinetic spectrophotometric system, Beckman Instruments, Irvine, 


MA 02153. 


CA 92634. 
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Table I-Levels of I in Mouse Serum af ter  Intravenous 
Administration 


Table  11-Relationship between Inhibition of Dihydrofolate 
Reductase and I Concentration 


Concentration, M x 
Minutes Enzvmatic Assava IsotoDic Assavb 


Concentration, Percent Controla 
Beef Liver M x 10-9 L. casei 


15 
30 
60 
90 ~~ 


120 
180 


20.7 (f0.3) 
16.5 (f0.5) 
9.5 (f1.3) 
6.1 ifi.3 
4.3 ( f l .1 )  
1.7 (f0.2) 


2.3 (f0.1) 
1.8 (f0.1) 
1.25 ( f O . 1 )  
0.73 (f0.06) 
0.59 (f0.07) 


a L. rasei enzyme; I was administered a t  10 mg/kg. Estimated serum elimination 
t l l z  was 45 min. Data are from six separate experiments (one mouse for each time 
point). Figures in parentheses are the standard errors of the mean. * Data from four 
experiments; I was administered a t  1 mg/kg. Estimated serum elimination tl12 was 
50 min. 


mice (Swiss-Webster, 20-22 g), and blood samples were collected by 
retro-orbital puncture. Compound I labeled in position 6 with carbon 14 
(specific activity of 21 pCi/mg) was used5. For the isotopic studies, 10 pl 
of serum was placed in 10 ml of scintillation fluid6 and radioactivity was 
measured by liquid scintillation spectrometry7. 


RESULTS AND DISCUSSION 


In anticipation of pharmacokinetic studies of I, two assay procedures 
were developed based on the inhibitory activity of I on dihydrofolate 
reductase from bacterial and mammalian sources. A linear relationship 
was obtained by plotting the I concentration uersus l/Va. This linearity 
held well for I concentrations producing 30-70% inhibition of dihydro- 
folate reductase. The correlation coefficient for such lines was 0.99 for 
both enzyme systems. The standard curves obtained by linear or semilog 
plots of the I concentration uersus the percent control are suitable for 
pharmacokinetic studies. 


By using this enzymatic approach to drug assay, studies in mice indi- 
cated a serum elimination half-time of -45 min (Table I). Sigel and col- 
leaguesg, using a different assay, found a similar serum elimination 
half-time for I in the dog. A small amount of 14C-labeled I was obtained 
for exploratory pharmacokinetic studies in our laboratories. As shown 
in Table I, the elimination profile determined by the isotopic method was 
similar to that observed with the enzymatic method. The I levels were 
lower in the isotopic studies because a lower dose of I was employed (1 
mg/kg). 


Both enzyme assays are advantageous in that they are highly sensitive 
with a lower limit of sensitivity of 5 X M for the beef system and 
of 5 X M for the L. casei system (Table 11). The sensitivity of both 
assays can be increased by lowering the amount of dihydrofolate present 
and/or reducing the amount of enzyme used per assay. 


The two enzyme systems differ in sensitivity, stability, and accuracy. 
The ID50 was 1.6 X M (f0.3) for the beef system and 1.35 X 10-4M 
(f0.2) for the L. casei system. Under the experimental conditions em- 
ployed, the beef liver enzyme was about one order of magnitude more 
sensitive to I than was the bacterial enzyme; however, the instability of 
the beef preparation was reported previously (9). On the other hand, the 
L. casei enzyme was considerably more stable and easier to work with. 
For example, the beef enzyme began to lose activity after several hours 
in solution, while the bacterial enzyme solution was essentially stable 
throughout the day. In addition, the latter solution may be refrozen with 
a large measure of its activity retained upon subsequent thawing. 


A disadvantage of both enzyme assays is relatively high day-to-day 
variability: 20% for the beef liver assay and 15% for the L. casei assay. 
Other investigators (10,l l)  automated the methotrexate enzymatic assay 


Obtained from Dr. Kohert Engle, Pharmaceutical Resources Branch, National 


Filtron-X, National Diagnostics, Somerville, NJ  08876. 
Beckman LS 7000 liquid scintillation system, Beckman Instruments, Irvine, 


Where 1/V = V control/V inhibitor = (absorbance change control/ahsorhance 


Dr. Carl Sigel, Wellcome Research Laboratories, Research Triangle Park, NC 


Cancer Institute, Silver Spring, Md. 


CA 92713. 


change inhibited). 


27709, personal communication. 


44 
33 
22 
16.5 
11 
8.8 
6.6 
5.5 
4.4 .. ~ 


3.3 
2.2 
1.1 
0.88 


28 ( f l . O )  
33.5 (f1.0) 
41.3 h . 7 j  
46.7 (f2.3) 
53.7 (f2.3) 
58.3 (f3.7) 
63 (f5.0) 
67.3 (f4.3) 
70.7 if5.3j  
75.5 (f5.5) 
83.3 (f6.7) 


27.7 (f1.7) 
32 (f2.0) 
37 (f3.0) 
44.3 (f3.3) 
57 (f5.0) 
61.3 if5.7) \ - - - . ,  


0.66 - 66.7 (f6.0) 
0.55 - 70 (f7.0) 


Each value is the mean of three separate determinations of the standard curve. 
Figures in parentheses are the standard errors of the mean. 


to improve these figures. In our studies, a standard curve was generated 
daily. Another disadvantage of both enzyme assays is the relatively 
narrow range of linearity of the concentration-inhibition curve (30-70% 
control values have the highest reliability). However, reasonable estimates 
of required dilutions can be made, which will reduce assay time. 


The described methods for determining I levels are sensitive, relatively 
specific, and accurate. These enzyme assays employ common laboratory 
equipment and readily available reagents and should prove applicable 
in various preclinical and clinical research situations. Measuring levels 
of I in biological material will be of added importance in preclinical and 
clinical studies in view of observations by Duch et al. (12) that I and re- 
lated compounds can produce substantial concentration-dependent in- 
hibition of histamine metabolism and consequent elevation of histamine 
levels in experimental animals. 
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Abstract 0 The adsorption of quinidine onto kaolin was studied as a 
function of pH in aqueous solutions in which the ionic strength was ad- 
justed to 0.1. The interaction of quinidine with pectin also was investi- 
gated in water and in phosphate buffer; the buffer pH and ionic strength 
were adjusted to 6.5 and 0.1, respectively. The in uitro results indicated 
that quinidine was adsorbed onto kaolin. A t  the highest concentration 
studied, the extent of adsorption increased from 3.64 mg of quinidine 
adsorbed/g of adsorbent a t  pH 2.4 to an average of 5.81 mg/g in the pH 
5.5-7.5 range. In the presence of electrolytes, the interaction of quinidine 
with pectin was relatively small (3-13% bound) as compared to studies 
performed in water (66-90% bound). The data indicate that some quin- 
idine may be adsorbed when this drug is administered concurrently with 
kaolin-pectin preparations. 


Keyphrases 0 Quinidine-interactions with kaolin and pectin, in uitro 
0 Kaolin-interactions with quinidine, in uitro Pectin-interactions 
with quinidine, in uitro 0 Antiarrhythmic agents-quinidine, interac- 
tions with kaolin and pectin, in vitro 


Quinidine is used in the treatment of cardiac arrhyth- 
mias, and its therapeutic effect is associated with main- 
taining serum levels of 2.0-6.0 pg/ml (1, 2). Side effects 
frequently encountered with these therapeutic levels in- 
clude GI disturbances such as diarrhea (2-4). Pharma- 
ceutical preparations containing both kaolin and pectin 
are available without prescription and frequently are used 
to treat diarrhea. Previous in uitro studies demonstrated 
that kaolin adsorbs various alkaloids (5 ) ,  phenothiazines 
(6,7), and cimetidine (8). In  uiuo studies showed that ka- 
olin-pectin preparations concomitantly administered with 
lincomycin (9) or digoxin (10,ll) decreased the rate and 
the extent of absorption of these drugs. 


Since kaolin adsorbs quinine in uitro (5 ) ,  the cinchona 
alkaloid quinidine may be adsorbed by kaolin in the ka- 
olin-pectin antidiarrheal preparations. Quinidine was 
reacted with polygalacturonic acid to form quinidine 
polygalacturonate (12). Since polygalacturonic acid is 
derived from pectin, complexation of quinidine with pectin 
also may occur, thus affecting the amount of quinidine 
available for absorption in the GI tract. 


The purpose of this study was to determine the extent 
of quinidine adsorption onto kaolin as a function of 
physiological pH as well as the degree of quinidine-pectin 
interaction. 


EXPERIMENTAL 


Reagents-Quinidine sulfate’, 37% hydrochloric acid2, monobasic 
sodium phosphate3, dibasic sodium phosphate3, anhydrous sodium sul- 
fate4, kaolin NF4, and pectin’ were used as received. The cellulose 
membrane tubing5 employed had a molecular weight cutoff of 12,000- 
14,000. 


Sigma Laboratories, St. Louis, Mo. 
2 Mallinckrodt, St. Louis, Mo. 
3 Fisher Scientific Co., Fair Lawn, N.J. 


Matheson, Coleman and Bell, Norwood, Ohio. 
5 Spectropore-2, Spectrum Medical Laboratories, Los Angeles, Calif. 


Analytical Method-Quinidine sulfate concentrations in test solu- 
tions were determined using a fluorescence spectrophotometer6 with a 
xenon power supply7 and a recorders. An excitation wavelength of 350 
nm and an emission wavelength of 443 nm were used. By using a sensi- 
tivity setting of 4 and a concentration range of 0.2-1.0 pg/ml, a standard 
curve (r = 0.999) was obtained as expressed by: 


%F = 100.OC + 0.175 (Eq. 1) 


where %F is the emission intensity in percent and C is the quinidine 
sulfate concentration in micrograms per milliliter. To minimize daily 
variation, a standard curve was obtained on a regular basis using controls 
subjected to the same conditions as the experimental samples. 


Determination of Equilibrium Time for Quinidine Adsorption 
onto Kaolin-One-gram quantities of kaolin were weighed accurately 
into clean, dry, amber-glass bottles. Then 40.0 ml of quinidine sulfate 
solution was added. The quinidine concentrations in the time study were 
5.0 and 40.0 mg/100 ml, representing the lowest and highest concentra- 
tions utilized. The bottles were capped tightly, placed in a thermostati- 
cally controlled water bath, and agitated at 37.0 & 0.5’. 


Samples were withdrawn at  6.0, 12.0, and 24.0 hr and were filtered 
immediately through a 0.22-pm membrane disposable filterg. The filtered 
solution was diluted and analyzed for the remaining quinidine sulfate 
content. Controls, containing identical concentrations of quinidine sulfate 
without kaolin, were treated in the same manner to check for any loss of 
quinidine due to degradation or adsorption onto the glassware and filter. 
A blank solution that contained kaolin without quinidine sulfate was 
prepared similarly. 
Kaolii Adsorption Studies-The adsorption of quinidine onto kaolin 


was studied as a function of pH. Solution I consisted of 0.01 M HCl with 
a final pH of 2.4. Solutions 11,111, and IV were phosphate buffers with 
final pH values of 5.5, 6.5, and 7.5, respectively. All solutions were ad- 
justed to a final ionic strength of 0.10 by the addition of anhydrous sodium 
sulfate. 


In all solutions studied, 40.0 ml of quinidine sulfate solution of 5.0,10.0, 
15.0,20.0,30.0, and 40 mg/100 ml was added to 1.0 g of kaolin in dry, 
amber-colored bottles. All samples were subjected to the same conditions 
and treated like those in the time study. All samples were left to equili- 
brate for 24.0 hr. 


Pectin Studies-The interaction of quinidine with pectin was studied 
in water and in Solution III using membrane dialysis techniques similar 
to those reported previously (13,14). Membrane bags were prepared from 


4.0 8.0 12.0 16.0 20.0 24.0 
Ces, mg of quinidine bad100 ml 


Figure I-Typical isotherm for the adsorption of quinidine onto kaolin 
in Solution I (pH 2.4) a t  37’. 


Perkin-Elmer model 204. 
Perkin-Elmer model 150. 


8 Perkin-Elmer model 165. 
@ Miller, Millipore Corp., Bedford, Mass. 
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Figure %-Linear Langmuir plot for  the adsorption of quinidine onto 
kaolin in Solution I (pH 2.4) at 3 7 O ,  r = 0.999. 


cellulose tubing and were filled with 40.0 ml of pectin solution. Concen- 
trations of 0.2,0.4,0.6,0.8, and 1.0% pectin solution in water or in Solution 
I11 were used. The bags were clamped securely at  the bottom and tied 
twice at the top to prevent leakage. 


After inspection for leakage, the bags were immersed in a jar containing 
60 ml of a 40.0-mg/100 ml quinidine sulfate solution either in water or 
in a buffered Solution 111. The jars were capped tightly and placed in a 
shaking water bath thermostatically controlled to 37.0 f 0.5O. The jars 
were allowed to agitate for 6.0 hr, a time previously determined as suffi- 
cient for achieving equilibrium. Additional membrane bags containing 
the appropriate solution were included in each study to check any loss 
of quinidine due to  binding to the membrane and clamp. 


V I I i I 
4.0 8.0 12.0 16.0 


Ceq, mg of quinidine base1100 ml 


Figure 3-Zsotherm illustrating the adsorption of quinidine onto kaolin 
in Solution II (pH 5.5) at 37”. 


V I I I 1 
4.0 8.0 12.0 16.0 
Ceq, mg of quinidine base/100 ml 


Figure I-Isotherm illustrating the adsorption of quinidine onto kaolin 
in Solution III (pH 6.5) at 3 7 O .  


Four runs were performed for each pectin concentration. After 
achieving equilibrium and appropriate dilution, the quinidine sulfate 
contents both inside and outside the bag were determined spectrofluo- 
rometrically. 


RESULTS AND DISCUSSION 


The kaolin time study indicated that equilibrium was achieved between 
6.0 and 12.0 hr. To ensure equilibrium, all samples were allowed to agitate 
in the water bath for 24.0 hr. The membrane filter had no effect on the 
quinidine sulfate concentration based on assays performed prior to and 
after filtration. Furthermore, the lack of any significant decrease in the 
quinidine sulfate concentration in the controls indicated the apparent 
absence of adsorption of the drug onto the glassware and degradation 
during equilibration. 


The results of the kaolin adsorption studies in Solution I were evalu- 
ated according to the Langmuir equation (Eq. 2): 


where x/m is the weight, in milligrams, of quinidine base adsorbed per 
gram of kaolin; C,, is the concentration of quinidine base, in milligram 
percent, remaining in solution at  equilibrium; kl is the adsorption coef- 
ficient; and kz is the maximum amount of drug adsorbed to form a mo- 
nolayer under the experimental conditions. Figure 1 is a typical Langmuir 
isotherm obtained by plotting x/m versus C ,  and illustrates the for- 
mation of a quinidine monolayer on kaolin. Figure 2 is the fitted plot 
according to the following linear form of Langmuir: 


Caql(x/m) = C,/kz + l / k lkz  tEq. 3) 


The maximum adsorptive capacity calculated from the slope of the line 
is 3.64 mg/g. 


Ionic strength was adjusted with anhydrous sodium sulfate since 
preliminary studies showed that a high concentration of chloride ions, 
either in the form of hydrochloric acid (0.1 M) or sodium chloride for 
adjusting the ionic strenth to 0.1, caused quenching and interfered with 
the assay. The low concentration of hydrochloric acid (0.01 M) did not 
present any analytical problem. With quinidine sulfate concentrations 
up to 40.0 mg/100 ml, the results of adsorption studies in Solution I1 in- 
dicate that adsorption is not limited to the formation of a monolayer as 
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Figure 5-Isotherm illustrating the adsorption of quinidine onto kaolin 
in Solution IV (pH 7.5) at 37". 


observed in Solution I. This result is shown in Fig. 3, which indicates that 
multilayered adsorption occurred. Similar results were obtained from 
studies in Solutions I11 and IV (Figs. 4 and 5, respectively). Langmuir 
linearity was established for Solution I1 in quinidine sulfate concentra- 
tions between 1.0 and 3.0 mg/100 ml (Fig. 6). In this same low concen- 
tration range, linearity was not observed for Solutions I11 and IV. 


These results indicate that adsorption of quinidine onto kaolin varies 
with pH. The apparent multilayered process that occurred in Solutions 
11-IV indicates that drug adsorption continues at  higher pH values. 
Further experimentation is underway to explain this behavior. 


Since increasing electrolyte concentrations may increase the adsorptive 
capacity of kaolin (7), it is not surprising that there are no apparent dif- 
ferences in the isotherms (Figs. 3-5) since the ionic strength was kept 
constant in all solutions. For example, at an initial concentration of 32.4 
mg of quinidine base/100 ml (equivalent to 40 mg of quinidine sulfate/loO 
ml in solution) the calculated x/m values are 5.57,6.07, and 5.79 mg/g for 
Solutions 11, 111, and IV, respectively. Therefore, a t  quinidine sulfate 
concentrations up to 40.0 mg/100 ml, the amount of drug adsorbed per 
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Figure 6-Linear Langmuir plot for the adsorption of quinidine onto 
kaolin at low concentrations in Solution I I  (pH 5.5) at 37O, r = 0.994. 


I 1 I I 
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PECTIN CONCENTRATION, g/100 ml 
Figure 7-Interaction between quinidine and pectin at 37". Key: 0,  
water (r = 0.999); and 0, pH 6.4 buffer at an ionic strength of 0.2 (r = 
0.998). 


gram of adsorbent increases as the pH is raised from acidic pH, simulating 
the stomach environment, to pH 5.5-7.5, which simulates the intestinal 
environment. The results of the present study parallel the findings of 
Remon et al. (15) who reported that the adsorption of quinidine onto 
kaolin increases with pH. Their results were obtained under different 
in uitro conditions with much higher quinidine sulfate concentrations. 
Thus, any firm comparisons between the two studies are difficult. 


The data of the pectin study were analyzed by previously reported 
methods (14). The calculated coefficient of variation for identical runs 
was 1-4%. Figure 7 shows marked complexation between quinidine and 
pectin in unbuffered aqueous medium. The extent of binding of quinidine 
ranged between 66 and 90% at  a pectin concentration between 0.2 and 
1%. Binding was reduced markedly when the study was repeated in So- 
lution 111. The extent of binding ranged between 3 and 13% in the same 
pectin concentration range (Fig. 7). According to these data, complexation 
studies performed in water without electrolytes could be misleading. 
Studies utilizing electrolyte solutions, such as Solution 111, may be more 
representative of an in uiuo situation. The same pattern of interaction 
was observed by Remon et al. (15) who studied quinidine sulfate com- 
plexation with 1% pectin in water and in 0.01 M HC1. They reported that 
quinidine sulfate was 40% bound to pectin in water and was 5% bound 
in acidic solution. In the current study, -90'30 of quinidine was bound by 
1% pectin in water. This difference may be accounted for by the higher 
quinidine concentrations (500 mg/lOO ml) used previously (15). 


The results of this in uitro study indicate that kaolin is capable of ad- 
sorbing quinidine and that adsorption increases with pH. Pectin forms 
a complex with quinidine; however, the effect is less pronounced in So- 
lution I11 than in water. Although complexation with pectin may afford 
a controlled and more uniform absorption of quinidine as shown for 
quinidine polygalacturonate (12), the data suggest that this effect may 
be minimal. Kaolin and pectin contained in antidiarrheal preparations 
may alter absorption of the drug from the GI tract. Relative bioavail- 
ability studies should be carried out to determine the significance of this 
interaction. 
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Abstract 0 Parsley cigarettes containing [3H]phencyclidine were ma- 
chine smoked, and the mainstream smoke was trapped in glass wool fil- 
ters. Radioactivity was extracted from these filters with chloroform. The 
average recoveries of radioactivity were 76,85,70, and 69% for cigarettes 
containing 3,10,30, and 50 mg of [3H]phencyclidine hydrochloride, re- 
spectively. TLC and GLC-mass spectrometry were employed to identify 
and quantify compounds in the filter extracts. Approximately one-half 
of the recovered radioactivity represented a pyrolysis product, phenyl- 
cyclohex-1-ene. Formation of this product involved loss of piperidine from 
phencyclidine. Piperidine, which was not radiolabeled, also may appear 
in smoke intact. The remainder of the radiolabeled material represented 
unchanged phencyclidine. Therefore, the percentage of [3H]phencyclidine 
delivered was -4Wo of the amount smoked. This result was independent 
of puff frequency and quantity of phencyclidine hydrochloride smoked 
over the range tested. The [3H]phencyclidine delivery was compared to 
the quantities of [3H] -Ag-tetrahydrocannabinol and [3H]nicotine deliv- 
ered in mainstream smoke. The recovery of unchanged [3H]-Ag- 
tetrahydrocannabinol from placebo marijuana cigarettes injected with 
a solution containing 3 mg of A9-tetrahydrocannabinol was 60%. Tobacco 
cigarettes injected with [3H]nicotine yielded 70% unchanged nicotine in 
mainstream smoke. 


Keyphrases 0 Pyrolysis-formation of phenylcyclohex-1-ene from 
phencyclidine in smoke 0 Phencyclidine-identification of pyrolysis 
product phenylcyclohex-1-ene in smoke 0 Phenylcyclohex-l-ene- 
pyrolysis product of phencyclidine identified in smoke Smoke- 
identification of phenylcyclohex-1-ene, a pyrolysis product of phency- 
clidine 


Phencyclidine [ 1 - (1 - phenylcyclohexyl) piper idine] has 
gained popularity as a drug of abuse, probably because it 
produces euphoria, dissociation, and hallucinations (1). 
Smoking phencyclidine-impregnated spices is currently 
a major method of abuse. The high temperature dttained 
in a burning cigarette raises the possibility that phency- 
clidine may evolve pyrolysis products when smoked. 
Phencyclidine is converted to phenylcyclohex-1-ene in the 
gas chromatograph at  low temperatures (2) (Scheme I), 
which may have led to the conclusion that phenylcyclo- 
hexene is a metabolite of phencyclidine (3). Preliminary 
results indicate that phenylcyclohexene also is formed 
during smoking (4). In this study, the amount of phency- 
clidine delivered in mainstream smoke was determined 
and the pyrolysis products were identified and quanti- 
fied. 


phencyclidine phenylcyclohex-1-ene 
Scheme I 


EXPERIMENTAL 


Drugs-Phencyclidine hydrochloride’, piperidinocyclohexane car- 
bonitrilel, [phenyZ-l-3H(n)]phencyclidine1 (17 Ci/mmole), Ag- 
tetrahydrocannabinol’, and [1’,2’-3H]-A9-tetrahydrocannabinol’ (43 
mCi/mmole) were used. [pyrr0ZidinyZ-4’,4-~H]Nicotine (4.7 Ci/mmole) 
was synthesized according to the procedure of Vincek et al. (5). 


Preparation of Cigarettes-Cigarettes containing phencyclidine 
were prepared using commercially available parsley flakes2, 55-mm cig- 
arette tubes3, and a cigarette machine4. Each cigarette (55@-600 mg) was 
prepared immediately prior to its use by injection with 0.5 pCi of [3H]- 
phencyclidine and 3,10,30, or 50 mg of phencyclidine hydrochloride in 
volumes of 50,50,150, or 200 pl of ethanol, respectively. Filterless ciga- 
r e t t e ~ ~  (84 mm) were injected with 0.5 pCi of [3H]nicotine in 50 pl of 
ethanol, and placebo marijuana cigarettes’ were injected with 0.5 pCi of 
[3H]-A9-tetrahydrocannabinol and 3 mg of A9-tetrahydrocannabinol in 
50 pl of ethanol. All drug solutions were injected axially and evenly 
throughout the middle 35 mm of the cigarettes and allowed to dry before 
smoking. 


Procedure-Cigarettes were inserted in a holder and attached to the 
smoking apparatus (Fig. 1). Smoking was effected by negative pressure 
provided by water aspiration, and smoke was collected on two contiguous 
filters (each consisting of 1-1.25 g of glass wool stuffed in 16 cm of 
0.635-cm i.d. tubin$). Interfaced between the filters and vacuum source 
were an empty trap (for back-siphoning) and a trap containing 10 ml of 
chloroform. 


Puffing was accomplished with an electric switching valve7 that opened 
and closed the system to the vacuum every 5.8 sec. Puff frequency was 
altered by replacement of a capacitor in the circuit board controlling the 
valve. A vacuum regulators was set to permit delivery of 45 ml of 
smoke/5.8-sec puff duration. After an entire cigarette was smoked, each 
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Twenty-one years ago, Rogoff and Kohler (1) demon- 
strated that the application of 100 ml of a concentrated 
solution of the organophosphorus insecticide crufomate 
(I) (Table I) to a small area of a cow’s skin could control 
cattle grubs. Compound I is a systemic insecticide (2), and 
its mode of action is believed to involve its absorption 
across the skin into the cow’s systemic circulation and, 
hence, distribution throughout the body, thus interacting 
with cattle grubs as they migrate through the tissues. 
Confirmation of drug absorption came from the observa- 
tion that a slight depression of erythrocyte cholinesterase 
activity followed drug administration (1). This type of 
dosage form is referred to as a “pour-on” or “spot-on”. It 
is a liquid formulation (solution, emulsion, or suspension) 
intended to be applied to a small area of an animal’s skin 
to promote drug absorption into the bloodstream. The 


concentration of drug in a spot-on is higher than that in a 
pour-on; consequently, a smaller dosage is used. 


The realization that drugs can be introduced topically 
into the bloodstream has stimulated the search for topical 
drug delivery systems to control internal and external 
parasites and to deliver nutrients, metabolic regulators, 
and hormonal regulators. 


Systemic insecticides can be used to control external 
parasites if the latter are bloodsuckers (e.g. ,  sucking louse 
Linognathus uituli) or if drug is secreted onto the skin uia 
sweat or sebaceous glands. 


Although the goal of delivering drugs to the systemic 
circulation uia the topical route has only been actively 
researched during the past 21 years, the farm industry has 
many years of experience in the application of drugs to the 
hair, wool, and skin of domestic animals by way of dips, 
dusts, and sprays. However, these dosage forms usually 
contain a much smaller drug concentration than dosage 
forms such as pour-ons that are intended to promote sys- 
temic delivery. Consequently, because the driving force for 
Fickian diffusion across a membrane such as skin is the 
concentration gradient across the membrane, these dosage 
forms usually act by bringing the drug into contact with 
an external parasite rather than by promoting absorp- 
tion. 


For example, it is common practice to treat cattle grubs 
in beef cattle with a dip containing 0.25% I or a spray 
containing 0.375% I. The usual strengths of the pour-ons 
and spot-ons of I are 8 and 12%, respectively. Similarly, it 
is common practice to treat horn flies (Haernatobia irri- 
tans)  in beef cattle with back rubbers’ (burlap soaked with 
a mixture of an insecticide in an oil such as diesel fuel 
wrapped around a wire or cable) containing 1% coumafos 
(11) (3), dust bags1 (doubled burlap bags containing pow- 
dered drug) containing 1 or 5% 11, sprays containing 0.06% 


1 They apply drug to the animal’s coat when the animal rubs against them. 
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Table I-Some Veterinary Antiparasite Drugs a 


Com- Solubility 
pound Generic Trade Melting Organic 


Number Name Names Structure Point Water Solvents 


60-60.5" pib Sc:  acetone, benzene, CH@40~CICHll r  pi:light petroleum 


I Crufomate Dowco 132, 
/ Montrel, 


Ruelene CH,HN 
carbon tetrachloride; 


S 


I1 Coumafos Co-ral, etc. 


111 Dichlorvos Atgard, etc. 


IV Levamisole Levasole, C6HS. 


V Tetramisole Citarin, Nilverm i isomer of Iv 
Citarin-L Nemicide, Hey3 


hydrochloride 


Hc1- 
VI Trichlorfon Dylox 


VII Ronnel Viozene 


VIII Phosmet Imidan 


IX Chlorpyrifos Dowco 179 


X Chlorfenvinphos - 


XI Dioxation 


XI1 Crotoxyfos 


XI11 Famophos 


XIV Methidathion 


XV Temefos 


Navadel 


Ciodrin 


Warbex 


Supracide 


Lapor 


910 Pi PSd: acetone, 
chloroform, corn oil 


Liquid 1 g/100 ml Me: alcohol, most 
nonpolar molecules 


- 60-61.5" - 


21 g/100 ml S: methanol, 264-265O 
prop lene, glycol; 
SpS?ethanol; SSg: 
chloroform, hexane, 
acetone 


83-840 


41" 


'c1 
0 


71.9O 


1-42O 


Liquid 


c1' 
S 
II 


Liquid 


Liquid 


15.4 g/100 ml Chloroform: 75 g/100 
ml; ether: 17 gll00 
ml; benzene: 15.2 
g/100 ml; VSSh: 
pentane, hexane 


FSi: acetone, carbon 
tetrachloride, ether, 
methylene chloride, 
kerosene 


0.004 g/100 ml 


25 P P ~  Organic solvents 


2 PPm Isooctane: 79% WIW; 
methanol: 43% W/W; 
FS: other organics 


VSpSJ (dec. a t  FS: organics 
PH >7)  


Pi 


0.1% 


- 52.5-53.5O 


39-40' <1% 


PS: hexane 


SS: kerosene, saturated 
hydrocarbons; S: 
acetone, chloroform, 
ethanol, highly 
chlorinated 
hydrocarbons 


S: most organics 
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Table I-Continued 


Com- 
pound Generic Trade 


Numher Name Names Structure 


Solubility 
Melting Organic 
Point Water Solvents 


XVI Tetrachlorvinfos Habon 


XVII Malathion Malamar 50, 
Prioderm 


XVIII Dichlofenthion Nemacide, 
Bromex 


XIX Fenthion Tiguvon 


XX Difluron - 


XXI Bromopfos - 


XXII Ethyl bromopfos - 


XXIII Chlormadinone - 


XXIV 4,5,6-Trichloro- 
7-(diethvlsulfa- 


S 
II 


Xylene: <15% 97-98’ 11 PPm 
chloroform: 40-50% 


2.9’ 145 ppm Soluble in most 
(hydrolyzed organics 
pH >7 or <5) 


Liquid ss M: most organics 


! O d i C H d  Liquid 55 mg/liter M: most organics 
( C W d  


CI 
H C C,H, 


2\N/ 


I 
so, B 


moyl)-2~(trifluoromethyl) 
benzimidazole 


a From “The Merck Index” 9th ed., Merck & Co., Rahway, N.J., 1976. b pi = practically insoluble. S = soluble. PS = partially soluble. ‘M = miscible. f SpS = sparingly 
soluble. SS = slightly soluble. VSS = very slightly soluble. FS  = freely soluble. J VSpS = very sparingly soluble. 


I1 (3), or dips containing 0.06% 11. The usual strength for 
a pour-on of I1 is 4%. 


Another example of a drug delivery system that acts 
primarily by bringing drug into contact with the pest 
rather than promoting absorption is polyvinyl chloride 
strips impregnated with dichlorvos (111) and attached to 
the legs of cattle to control cattle grub by killing ovipositing 
flies, eggs, or newly hatched larvae (4). 


Although these dosage forms are not necessarily in- 
tended to promote systemic absorption, they may do so 
with harmful effects to the animals under abnormal con- 
ditions. For example, if sheep are driven too far or too fast 
or are confined to a woolshed to protect them from rain 
after dipping, overheating can occur, thereby increasing 
the skin temperature sufficiently to promote the absorp- 


tion of the dip chemicals (5). 
Most of this review will be concerned with topical de- 


livery of drugs into the systemic circulation rather than 
with delivery onto the skin to promote local contact with 
ectoparasites. However, an understanding of the perme- 
ability of cattle and sheep skins to drugs will provide a 
basis for preventing drug absorption (thus reducing tox- 
icity to the host animal), prolonging drug action, and 
promoting drug delivery. 


The topical route of systemic delivery is attractive to the 
farming industry because: 


1. It is less labor intensive to apply a drug to an animal’s 
skin than to administer more conventional dosage forms 
such as drenches, injections, and inocculations. 


2. The drug is introduced into the bloodstream without 
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having to traverse the GI tract where it can be extensively 
metabolized or bound to proteins and other GI tract con- 
tents or where its transit time is unpredictable. 


3. The dose for each animal can be regulated much more 
closely than when drugs are added to feed or are presented 
as licks. 


4. When properly formulated, these systems are likely 
to cause less trauma and tissue damage than injections or 
drenches and are less likely to interfere with nutritional 
status. 


The pour-on or spot-on dosage form is particularly at- 
tractive since it can be applied rapidly and easily to an 
animal’s skin and the cost of equipment is much less than 
that required for spraying or dipping. However, it has been 
argued that the pour-on technique can be more expensive 
than spraying when large numbers of cattle are to be 
treated, the application lacks the shampooing effect of a 
shower treatment, and the operator is exposed to the grave 
risk of absorbing toxic materials from handling concen- 
trated drug products that have been specifically formu- 
lated to promote absorption (6). This latter point was re- 
cently investigated (7), with the conclusion that experi- 
enced veterinarians can use commercially available orga- 
nophosphorus pour-ons without absorbing enough drug 
to depress blood cholinesterase activity. This safety aspect 
may not be so high with inexperienced operators. 


It has long been recognized that topical drug adminis- 
tration to humans has many advantages. As the result of 
a workable understanding of the barrier properties and 


Table 11-Thickness of Cattle and Sheep Skins 


transport mechanisms of human skin and of the influence 
of the physicochemical properties of drugs, vehicles, and 
other formulation excipients on the absorption process, 
pharmaceutical scientists can now produce topical dosage 
forms for humans that demonstrate well-controlled drug 
delivery. Some excellent reviews were written on these 
subjects (8-12). The discovery that the cells of the human 
stratum corneum, the dead keratinized epithelium that 
comprises the outer 0.001 cm of the skin, are the rate- 
determining barrier to human skin absorption has led to 
the design and performance of numerous in oitro experi- 
ments using isolated skin. 


A t  present, the barrier properties of sheep and cattle 
skins are not well understood. One report (13) suggested 
that drugs are much more likely to traverse sheep and 
cattle skins by way of skin appendages ( i .e . ,  hair follicles, 
sweat and sebaceous glands, and ducts) rather than 
through the cells of the stratum corneum as in humans, in 
spite of the fact that both sheep (14) and cattle (15) skins 
have a substantial stratum corneum. However, more work 
is necessary to clarify this point. 


The next section of this review describes the gross 
structure of cattle and sheep skins and the physicochem- 
ical properties that these barriers are likely to present to 
diffusing drug molecules. This section is followed by a 
discussion of the possible changes in the barrier properties 
of skin as the result of season, temperature, age, sex, hu- 
midity, etc.  Another section is concerned with useful pa- 
rameters for understanding the permeability character- 


Thickness, mm 
Body Papillary Reticular 


Region Whole Stratum Uncornified Layer of Layer of 
Animal Breed (Season) Skin Corneum EDidermis Dermis Dermis Reference 


Cattle 


Sheep 


Ayrshire Bullock 


Devon 


Hereford 


Zebu Cross 


Australian Illawarra Shorthorn 


Friesian 


Zebu 


Aberdeen Angus 


Shorthorn 


Jersey 


Jersey 


Jersey 


Sahiwals 


Sahiwals 


Finnish LandraceDorset Horn 


Southdown 


Shropshire 


Merino 


D T-La 
(winter) 


Midside 
(unknown) 


Midside 
(unknown) 


Midside 
(unknown) 


Midside 
(unknown) 


Midside 
(unknown) 


Midside 
(unknown) 


Midside 
(unknown) 


Midside 
(unknown) 


Mid s i d e 
(unknown) 


Upper thorax 
(summer) 


Upper thorax 
(spring) 


Upper thorax 
(summer) 


Upper thorax 
(spring) 


(winter) 


(unknown) 


(unknown) 


D T-L 


Various 


Various 


Various 


- 3.09 X 


8.15 - 


6.77 - 


6.43 - 


6.23 - 


6.08 - 


5.77 - 


5.75 - 


5.69 - 


5.46 - 


3.5 - 


4.7 - 
4.7 - 
5.7 - 
- 3.14 X 


2.7 - 
- - 
- - 


15 


36 


36 


36 


36 


36 


36 


36 


36 


36 


37 


37 


37 


37 


22 


22 


22 
(unknown) 


0 Dorsal thoraco-lumbar. * Reported as average total epidermal thickness. 
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istics of membranes and the conclusions about cattle and 
sheep skin permeability that can be drawn from some in 
uitro studies. The review concludes with an examination 
of reports of field and laboratory experiences with veteri- 
nary topical drug delivery systems (primarily pour-ons and 
spot-ons) and suggestions for future work. 


THE BARRIERS 


Hair and Wool-The first absorption barrier encoun- 
tered by drug molecules following their application to the 
skins of cattle and sheep is the hair or wool coat. There are 
-2000 hair fibers/cm2 in cattle (16, 17), although this 
number is affected by the animal’s breed, sex, weight, age, 
and body region. Each fiber grows out of hair follicles, 
which, in cattle, are randomly distributed over the animal’s 
body. Each follicle has a sweat gland, a sebaceous gland, 
and an arrector pili muscle associated with it. The hairs of 
European cattle leave the skin at an average angle of 
61-62’ (18), whereas those of Asian and African cattle tend 
to leave at  an average angle of slightly less than 60’ 
(19). 


The hair and wool follicles in sheep, and consequently 
the hair and wool fibers, are not randomly distributed over 
the body but are in definite groups containing one to five 
primary follicles (20), which have a sebaceous gland, a 
sweat gland, an arrector pili muscle, and a number of sec- 
ondary follicles, which have only sebaceous glands. Merino 
sheep were reported to have 300-400 primary follicles/cm2 
and 6000-10,000 secondary follicles/cm2 in wool-growing 
regions ( i e . ,  midside, midback, and flank) of the body (21). 
The average density of primary follicles does not change 
appreciably on the hair-growing regions, but the densities 
of secondary follicles are markedly reduced. Differences 
in follicle densities and in ratios of numbers of primary and 
secondary follicles with breed were discussed elsewhere 
(20,21). 


Because hair and wool fibers are composed of the mod- 
ified protein keratin, they possess chemically reactive 
groups such as thiol, amino, and carboxyl groups and hy- 
drophobic regions. Thus, they can react with and change 
(frequently reduce) the thermodynamic activity of drugs 
that they contact. Many chemicals bind strongly ‘to wool 
(23-28), and a similar situation must be expected with 
cattle hair. 


However, sheep wool and, to a lesser extent, cattle hair 
are coated with an emulsion of sweat and sebum that is 
formed in the follicle infundibula where the sweat and 
sebaceous glands empty their secretions. Wool fibers ap- 
pear to have an almost continuous coat of this emulsion 
(29) [frequently referred to as the yolk (30)], while only the 
lower parts of cattle hairs are similarly coated (29). This 
emulsion rapidly dissolves many chemicals that are applied 
to the coat or skin of animals (31,32), and diffusion within 
the emulsion, either up or down the fibers, always com- 
petes with diffusion of molecules through the skin (33, 
34). 


Consequently, an understanding of the nature of the 
emulsion and the manner in which it varies with breed, sex, 
climate, season, and nutritional state is fundamental to an 
understanding of topical drug delivery. 


Skin Topography-Scanning electron micrographs of 
cattle and sheep skins reveal that the surfaces consist of 
roughly hexagonal squama punctuated by hair or wool fi- 


bers and their associated follicle pores (29). The pores are 
not open and clear but are protected by a conical mass, 
which appears to be composed of squama and a convex 
amorphous material. The latter is believed to be a partially 
dehydrated or modified form of the emulsion of sweat and 
sebum that is formed in the follicle infundibula. As men- 
tioned previously, the convex amorphous material also 
coats most of the wool fibers and the lower parts of cattle 
hairs, Globules or strips of this material are also present 
at the junctions of the interfollicular squama in both cattle 
and sheep skin; in the latter, a significant amount is 
present on the squama surfaces. 


Gross Structure of Cattle and Sheep Skins-Like 
other mammals, the skin of cattle (35) and sheep (20,22) 
consists of a cornified stratum corneum, an uncornified 
“living” epidermis, and a dermis differentiated in the cow 
and, to a much smaller extent, sheep (20) into papillary and 
reticular layers. The relative thicknesses of the various skin 
layers in different animal breeds are given in Table 11. 


The most reliable studies of the structure of the stratum 
corneum have employed cryostat sections (14, 15). This 
technique causes much less damage to the stratum cor- 
neum than does a histological technique, which involves 
dehydration and embedding in paraffin. 


The stratum corneum of cattle appears to consist pri- 
marily of vertical columns of cells (15). The outer two- 
thirds of the stratum corneum cells, but not the lower 
third, the uncornified epidermis, or the sweat glands, are 
permeated by an emulsion believed to be the emulsified 
sweat mentioned earlier. It is proposed that the emulsion 
is formed in the follicle infundibula and oozes to the sur- 
face through the outer layers of the stratum corneum and 
the follicle pore (15). 


The entire stratum corneum of sheep is permeated by 
emulsion, and an intact film of emulsion 4 . 9 0  X mm 
thick covers its outer surface (14). The lower half of the 
stratum corneum (1.6 X mm) consists of vertical 
columns of densely packed flattened cells, whereas the 
outer half consists of a loosely knit structure. 


The papillary layer of the dermis has a depth of 1-2 mm 
in cattle (Table 11) but is much thinner in sheep (20). It is 
composed of fine collagenous fibers interwoven with fine 
elastic and reticular fibers. The reticular layer is a broad 
zone of coarse collagenous fibers. Goldsberry and Colhoun 
(38) suggested that the transition zone between the pa- 
pillary and reticular layers of dermis in cattle occurs 
around the hair follicle bulb, whereas Jenkinson (35) 
suggested that the two layers meet in the region of the 
sebaceous gland. In any case, in both sheep and cattle, the 
sebaceous gland is associated with the upper portions of 
the hair follicle and the sweat glands are below the follicle 
bulb (22,351. In both species, the ducts of the sweat glands 
open into the infundibula of the hair follicles (primary 
follicles in sheep) slightly above the entry point of the 
sweat ducts (22,35,38). 


The blood supply to the skin is particularly important 
to drug delivery because once the drug comes into contact 
with a capillary network, it has the opportunity of entering 
the blood and being carried away from the skin. Entry into 
the blood is likely to be rapid unless the drug molecule is 
very hydrophobic (39). 


Blood supply to mammalian skin was reviewed previ- 
ously (35). Briefly, the hair bulb, the sebaceous gland, the 
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sweat gland, and especially the hair follicles are richly 
supplied by blood in both cattle and sheep. These blood 
vessels also permeate the papillary layer of the dermis. 


Emulsion-It was previously stated that the hair and 
wool fibers, the infundibula of the hair and wool follicles, 
the junctions of squama of the stratum corneum, and all 
(in the case of sheep) or part (cattle) of the stratum cor- 
neum are permeated by an emulsion which oozes up from 
the follicle infundibula. The chemical components of the 
emulsion vary from animal to animal and with such factors 
as the time of year and climate, but most lipids in the 
emulsion arise from the secretions of the sebaceous glands 
(14, 15, 40). Minor components are likely to  arise from 
desquamating squama (i.e., keratin), cell debris, bacterial 
excreta, and blood. The likely components of the emulsion 
are listed in Table I11 (4143). Thus, the solvent properties 
of the emulsion and its ability to solubilize and modify the 
thermodynamic activity of topically applied drugs will be 
determined by the relative concentrations of the various 
constituents. 


In addition, the viscosity of the emulsion and thus its 
ability to  support molecular diffusion will vary with its 
water content. This latter parameter will be influenced by 
the activity of the sweat gland, but it also has been inferred 
(29) that the emulsion may lose water by evaporation as 
it permeates through the layers of the stratum corneum. 
Future physicochemical studies must elucidate the solu- 
bility characteristics of skin emulsions under conditions 
likely to be encountered by sheep and cattle. 


BARRIER VARIABILITY 


Exposure to Solvents-Lloyd et al. (44) showed that 
cattle skin can be clipped coarsely or finely without re- 
moving more than four cell layers of the stratum corneum. 
However, washing the skin with ether removed all but 
three stratum corneum layers (44). This effect is almost 
certainly involved in the marked erythema that ether 
causes on bovine skin (45), and it predisposes the skin to 
infection by Dermatophilus congolensis (46). Methanol 
washing of cattle skin had a much smaller effect on stratum 
corneum thickness (44) and on the incidence of infection 
(46). The susceptibility of cattle skin to infection also was 
increased by washing with light petroleum (47) or following 
intense water spraying (48); in sheep skin, it was increased 
by heavy rain (49). 


The development of erythema and susceptibility to in- 
fection probably are caused by removal of the outer 
squama of the stratum corneum and, in particular, removal 
of the emulsion from the skin surface, from the junctions 
of squama, and from hair pores. Consequently, treatment 
of skin with these solvents, as well as with detergents, is 
likely to affect its permeability, and the extent to which 
this occurs is worthy of investigation. 


Lipid solvents and dimethyl sulfoxide treatment of 
cattle and sheep skin at 20" apparently stimulates the 
secretory cells of the sweat glands and promotes cutaneous 
water loss (50). Hence, as well as removing skin lipids, the 
application of organic solvents to the skin is likely to lead 
to increased hydration of the stratum corneum and 
changes in the composition and viscosity of any emulsion 
that remains associated with the skin. 


The resistance of cattle skin to infection returned 24 hr 
after washing with ether (46), although only one lipid layer 


Table 111-Major Constituents of Skin Emulsion 


Source Constituents 
\ 


Sebaceous gland Monoester waxes, diester waxes, squalene, 
cholesterol, cholesterol esters, 
phospholipids, triglyceride esters of fatty 
acids, free fatty acids, corticosteroids 


calcium ions, magnesium ions, chloride 
ions, lactate ions, free amino acids, 
water-soluble proteins, epinephrine 


IgA. G. and M 


Sweat gland Water, sodium ions, potassium ions, 


Blood Albumin, transferrin, immunoglobulins 


( i e . ,  layer of stratum corneum cells) had been replaced in 
that time (44). It is thus likely that replacement of emul- 
sion in the junctions between the squama is well underway 
by 24 hr (46). 


The precise effects of these changes cannot be predicted 
at this stage. They will depend on the mechanism by which 
drug molecules are absorbed and on the chemical proper- 
ties of each drug. 


Skin Temperature-Elevation of temperature in- 
creases the molecular diffusion rate by lowering its acti- 
vation energy. However, temperature changes also influ- 
ence skin permeability by changing the activity of sweat 
glands and the composition of their secretions. The results 
of these changes are expressed as changes in the compo- 
sition and viscosity of the skin emulsion and in the degree 
of skin hydration. 


The temperature of sheep and cattle skins is influenced 
by ambient temperature, radiation, convection, evapora- 
tion, shivering, and exercise (43). The skin surface tem- 
perature of cattle in the shade does not vary appreciably 
from one area of the body to another (43). However, the 
coat type and skin color are important when the animal is 
in sunlight. Thus, an 8" temperature difference has been 
reported between black-haired (heat-absorbing) and 
white-haired (heat-reflecting) regions (51). 


The effect of ambient temperature on domestic animal 
skin permeability is likely to be more profound than it is 
on human skin. This difference arises partly because hu- 
mans, especially those receiving dermal treatment, are 
unlikely to expose their skin to the wide range of temper- 
atures (e.g. ,  0-50") that animal skins may be exposed to. 
In addition, animal skin temperatures tend to change 
much more dramatically with changing environment than 
do human skin temperatures. For example, the surface 
temperature of cattle was observed (52) to vary from 34.5 
to 40" when ambient temperature was increased from 15 
to  40". The temperature of the skin of sheep varied from 
31 to 38.5" when ambient temperature was varied from 20 
to 40". Rectal temperatures varied from 38.2 to 40.2O 
throughout the same range of ambient temperatures. 


The greater efficiency of the human skin thermoregu- 
latory process could arise because of the greater rate of 
human sweating (2000 g-2/hr) as against sheep (32 g-2/hr) 
or cattle (588 g-2/hr) (53). 


Increases in ambient temperature increase the rate and 
volume of secretion of sweat in cattle (54,55) and in shorn 
(53, 56) and unshorn (56) sheep. This factor may pro- 
foundly affect the aqueous content and viscosity of the 
emulsion because heat has only a minor effect on the out- 
put or composition of sebum (57) unless it is prolonged for 
>3 days (57,58). 


In addition to the higher output of sebum when high 
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temperatures were maintained for long periods, the rela- 
tive concentration of linoleic acid (and other free fatty 
acids) in the sebum increased (57,523). The importance of 
this finding to dermal drug delivery results from the fact 
that linoleic acid reduced the increased water loss from the 
skin of rats that was induced by fatty acid deficiency (59, 
60) and is thus likely to affect skin permeability to other 
compounds. 


Low humidity at  a constant temperature caused an in- 
crease in the concentrations of palmitic and myristic acids 
in sebum of cattle (57). 


Season-Most changes observed in the structure and 
anatomy of animal skins as a result of seasonal changes 
follow a predictable pattern. Smith and Jenkinson (45) 
found that the sebum output by Ayrshire cattle in Ayre 
was slightly lower in winter than at other times of the year. 
However, the situation may be different in hot climates 
because it was reported (61) that sebum secretion in cattle 
(Shorthorns, Friesans, and Egyptian cattle) in Egypt was 
greater in winter than in summer. Similarly, Nay and 
Hayman (62) reported that the sweat gland volume, as well 
as the papillary layer and skin thickness of cattle, was 
greater in winter than in summer. The increased size of the 
sweat gland indicates that it is less active in winter than 
in the summer (63). Amakiri (64) reported that the 
thickness of the total skin, the stratum corneum, and the 
epidermis of cattle in Nigeria was slightly thicker during 
the rainy season than during the dry season. The direct 
relationship between sweat gland volume and papillary 
layer thickness observed for cattle appears to be quite 
general (62). 


Breed-Table I1 reveals differences in both total skin 
thickness and thickness of various skin layers for cattle of 
different breeds. 


Differences also occur in the density of hair follicles with 
different breeds of cattle and sheep. The hair follicle 
density of a large number of breeds of cattle with different 
body weight, age, sex, and growth rate follows the rule 
(65): 


(Eq. 1) 


where D is the density of hair follicles and W is the animal 
weight. The constant k varies slightly with breed. It was 
observed that the density of hair follicles for Hereford and 
Shorthorn cattle was similar to those of Africander cross- 
breeds provided all the animals had similar weights (65). 
However, Brahman cattle had 20% more follicles per unit 
area than animals of the other breeds with similar 
weights. 


The rule expressed in Eq. 1 accounts for the observations 
that cattle between 1 and 2 years of age had denser coats 
than older cattle of the same breed and that coats were 
densest in times of drought ( i .e . ,  when the animals were 
lighter) (66). 


Differences in follicle densities and in ratios of the 
number of primary to secondary follicles in different 
breeds of sheep have been studied (20,21). Jenkinson and 
Nay (18,19) found that the ratio of length ( L )  to diameter 
( D )  of sweat glands ( L I D )  and the depths of the hair follicle 
( F D )  varied in a regular manner between breeds of cattle. 
These authors characterized three skin types: Type 1, 
where LID < 8.0 and FD < 1.5 mm (Jersey cattle and most 
Asian and African cattle); Type 11, where LID > 12 and FD 


D = kW-0.67 


> 2 mm (many Scottish highland breeds); and Type 111, 
where L / D  > 12 and FD < 1.5 mm (some South American 
breeds). 


Tropical cattle (e.g., Asian, African, and South American 
breeds) frequently have smaller sweat gland volumes than 
European breeds (19,64), perhaps because the glands are 
more active. Values of various average parameters for 
cattle from different continents are given in Table IV. 


The complexity of this topic is illustrated by the ob- 
servation that Hereford X Shorthorn cattle sweated at a 
higher rate than Brahman X Shorthorns under mild con- 
ditions but at  a lower rate when under stress (67). 


Body Region-The hair and wool follicle densities and 
types of fibers in sheep and cattle vary significantly with 
the region of the body examined. The body of a sheep can 
generally be divided into wool-growing regions and hair- 
growing regions. The approximate location of these regions 
in numerous breeds is described in Table V (20). The ep- 
idermis of the skin is thinner on wool-growing areas (30 
pm) than in hair-growing regions (500 pm) (20). Similarly, 
while there is an area of uniform skin thickness in the 
middle of a sheep’s back on either side of and parallel to 
the vertebral column (22), there is also a steep dorsoventral 
gradient in skin thickness on either side of the medial 
dorsal line. The thicker skin is over the vertebral column, 
near the tail along the back of the sheep and towards the 
neck in older sheep. 


As already mentioned, the wool follicles can be primary 
(with a sweat gland and a sebaceous gland) or secondary 
(with a sebaceous gland only). It was reported (20) that the 
sebaceous and sweat glands are larger in the hair- than in 
the wool-growing regions. 


These observations suggest that whether drugs cross 
sheep skin via the cells of the epidermis or uia the skin 
appendages, the permeability of the skin of wool-growing 
areas (thinner epidermis and more follicles) would be 
greater than that of haired skin. One factor that could re- 
verse this expectation would be the greater potential of the 
dense wool coat, relative to the thinner hair coat, to react 
with applied drugs. 


A study of the density of sweat glands and, thus, of hair 
follicles of Ayrshire cattle (16) indicated that the highest 
density (2500 cm+) was in skin of the axilla and neck and 
that the lowest was in the lower limbs (1000 cm-z). Table 
VI describes the areas that had above or below average 
density of sweat glands and area of secretory surface per 
square centimeter of skin. 


The thickest epidermis on Hereford and Aberdeen 
Angus cattle was found to be where the follicle density was 
lowest (e.g. ,  the epidermis of the muzzle was 150-200 cells 
thick (38). The thinnest epidermis in Herefords was lo- 
cated laterally on the thorax, neck gluteal region, and 
upper forelegs. In three of four Aberdeen Angus, the 
thinnest epidermis was on the dorsal part of the body. Such 
information is useful for predicting the best area of an 
animal’s body for appropriate drug application. 


Other Factors-Various additional factors are likely 
to influence skin permeability, and more factors probably 
will be revealed by carefully controlled studies of skin 
absorption. 


The influence of sex has not been explored, although it 
was reported that sebum output was greater in castrated 
male Ayrshire calves than in females (45) and that male 
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Table IV-Sweat Glands and Hair Follicles of Cattle a 


Parameter European Asian African South American 


Sweat gland length, pm 928 f 276 738 f 81 695 f 223 972 f 394 
Sweat gland diameter, pm 107 f 21 87 f 18 85 f 18 90 f 15 


10.8 f 3.9 L/D 8.8 f 2.5 8.6 f 3.1 
Sweat gland volume, pm3 X 9.0 f 5.2 4.9 f 3.7 4.3 f 2.5 6.7 f 4.3 
Follicle length, mm 2.0 f 0.3 1.5 f 0.3 1.6 f 0.2 1.7 f 0.2 


54.2 f 8.1 
1.5 f 0.2 Follicle depth, mm 1.8 f 0.3 1.3 f 0.2 


FL/FDMc 46.4 f 9.7 32.4 f 9.1 30.2 f 6.6 32.5 f 5.9 


8.4 f 3.0 


Follicle diameter, pm 44.2 f 8.1 47.3 f 8.0 53.5 f 7.3 
1.4 f 0.2 


Data from Refs. 18 and 19. * Sweat gland lengthhweat gland diameter. Follicle length/follicle diameter. 


Aberdeen Angus cattle had thicker skins than females 
(38). 


The nutritional status of the animal is also likely to be 
important. Thus, when wheat-fed sheep had their diet 
supplemented abomasally with methionine, there was a 
thickening of the epidermis, poor formation and improper 
keratinization of wool fibers, and, subsequently, a gross 
thickening of the outer root sheath (68). Similarly, i t  was 
reported (69) that vitamin A deficiency in cattle resulted 
in hyperkeratosis, leading to substantial skin thickening 
in the upper two-thirds of the animal's body. The vitamin 
A deficiency in this case was believed to be caused by in- 
gestion of chlorinated naphthalenes, which were used as 
lubricants in animal food-processing equipment. 


ABSORPTION MECHANISMS 


There is abundant evidence (Table VII) that many 
chemicals are transported across sheep and cattle skins in 
sufficient amounts and at sufficient rates to bring about 
expected pharmacological responses. However, none of the 
studies involving topical drug delivery to live animals 
provided solid evidence about absorption mechanisms. In 
addition, while some data are available on drug transport 
across excised sheep (70) and cattle (13,71-74) skins in in 
uitro experiments, few reliable correlations were found 
between in uitro permeability parameters and in uiuo be- 
havior. Consequently, any speculations about absorption 
mechanisms at this time are highly tenuous. However, such 
speculations are useful in that they may create guidelines 
for the design and execution of needed investigations into 
this subject. 


The speculations that follow are based mainly on 
knowledge of the mechanisms of drug transport across 
human skin (10-12,76,77), knowledge of the comparative 
anatomy and physiology of cattle and sheep skins, and 
conclusions drawn from a limited number of in uitro 
measurements of skin permeability (13,70-74). The major 
speculations or hypotheses about cattle and sheep skin 
penetration are: 


1. Bulk transport of neutral molecules with small to 
medium size molecular weights occurs largely via skin 
appendages (hair or wool follicles and associated ducts and 
glands) rather than the transcellular pathway which pre- 
dominates in human skin penetration. 


2. The rate and extent of drug absorption across the 


Table V-Wool- and Hair-Growing Regions in Sheer, 


Regions Body Area 


Wool growing Midside, midflank, flank 
Hair growing Inguinal junction, inguen, axilla, scrotum, 


cheek, chin, dorsal nose, manus 
(uroximal and distal). ues. vinna 


skin is significantly influenced by the composition and 
physical properties of the sebum-sweat emulsion associ- 
ated with the skin. 


Most neutral molecules cross human skin by passive 
diffusion through cells of the interfollicular region rather 
than through the skin appendages (hair follicles and sweat 
ducts) (10,12), even though neutral molecules with small 
to medium molecular weights have greater diffusivity in 
the appendages than in the stratum corneum. [The dif- 
fusion constants for water were reported to be 0.3-1.2 X 
lop5, 6-12 X and 2 X 10-lo cm2/min in human hair 
follicles, sweat ducts, and stratum corneum, respectively 
(lo).] It is believed that bulk transport across human skin 
occurs uia the skin cells rather than the appendages be- 
cause the surface area occupied by the latter is only 
of the surface area of the skin (12). 


It seems reasonable that transappendagial transport 
would be more important in transport across cattle and 
sheep skins because they contain a higher density of ap- 
pendages than human skin. While a square centimeter of 
human skin contains an average of 40-70 hair follicles and 
200-250 sweat ducts, the same area of cattle skin contains 
-2000 hair follicles (16,17) with their associated sweat and 
sebaceous glands and ducts; sheep skins can contain up to 
10,000 follicles with their associated ducts (20,21). 


The resistance to  penetrating molecules, R ,  offered by 
multilayered human skin that consists of a stratum cor- 
neum (with resistance Rs) ,  a viable epidermis (with re- 
sistance RE), and a dermis (with resistance RD) is given by 
(10): 


R = R s  + RE + RD (Eq. 2) 


Equation 2 can be restated as: 
1 6s 6E 6D R = - = -  +-+- 


k ,  DsKs DEKE DDKD (Es. 3) 


where: 


k ,  = permeability constant of skin 
6i = thickness of ith layer 
Di = diffusion constant of penetrant in ith layer 
Ki = ith layer-vehicle partition coefficient of 


penetrant 


Studies on the penetration of excised human skin by 
small to medium molecular weight molecules (10,12) re- 
vealed that the first terms in Eqs. 2 and 3 describe the 
process. Thus, for a homologous series of straight-chain 
aliphatic alcohols with one to eight carbon atoms, the 
stratum corneum was the rate-determining barrier. Vari- 
ations in the thickness or other properties of the viable 
epidermis or dermis had no effect on the rate of penetra- 
tion. A similar situation applied to the penetration of le- 
vamisole (IV) through excised human skin specimens 


1188 I Journal of Pharmaceutical Sciences 
Vol. 70, No. 11, November 198 1 







Table VI-Relative Density of Sweat Glands and Area of 
Secretory Surface per Square Centimeter of Skin for Ayrshire 
Cattle a 


Area of Secretory 
Surface per Square 


of Skin, cm-2 
Density of Centimeter 


Sweat Glands, ern+ 
Above average Neck ventral, neck Neck ventral, axilla, 


Below average Back sacral, gluteus, Forehead, back sacral, 
lateral, axilla upper hindleg 


lower hindleg lower foreleg, gluteus, 
lower hindleg 


From Ref. 16. 


whose thicknesses varied from 1.3 to 0.8 mm (13). The 
average thickness of the human stratum corneum is 0.001 
mm (11); therefore, all skin specimens in this experiment 
contained a uniform thickness of stratum corneum and 
varying thicknesses of viable epidermis and dermis. 


However, the rate of penetration of IV through excised 
cattle (13) and sheep (71) skins with thicknesses that 
varied from 1.7 to 0.7 mm was dependent on the total skin 
thickness. The stratum corneum of cattle (15) and sheep 
(14) skin was reported to be 3.09 and 3.14 X mm, re- 
Table VII-Summary of Dermal Drug Delivery Studies 


spectively, so all skin samples examined in these studies 
had their stratum corneums intact. 


This evidence suggests that the rate-determining barrier 
to cattle and sheep skin penetration is not the stratum 
corneum but the whole skin. In the case of sheep skin 
penetration, it is known that the entire stratum corneum 
is penetrated by an emulsion of sebum and sweat (14). 
Hence, in this case, it may be argued that molecules indeed 
penetrate the stratum corneum uia lipid regions in which 
they have similar diffusivity to that in the medium sur- 
rounding the cells in the epidermis and dermis. However, 
it was noted that the lower one-third of the stratum cor- 
neum of cattle skin (-0.01 mm) is not permeated by the 
emulsion (15), thus presenting a similar barrier to pene- 
tration as that of the human stratum corneum. 


Another possible explanation is that levamisole passes 
rapidly through the stratum corneum and its rate of 
clearance into the lower skin layers is rate determining. 
Higuchi (77) estimated that very lipophilic molecules (i .e. ,  
those with activity coefficients of lo3 or lo5) in infinitely 
dilute solutions in water would encounter rate-determining 
clearance from the stratum corneum into the more aqueous 


Study Animal Drugs Purpose Comments Reference 


1 


2 
3 


4 


5 
6 
7 
8 


9 
10 
11 
12 


13 


14 


15 
16 


17 


ia 
19 


20 


21 
22 
23 


24 


25 
26 
27 


28 


29 


30 


Cattle 


Cattle 
Cattle 


Cattle 


Cattle 
Cattle 
Cattle 
Cattle 


Cattle 
Cattle 
Cattle 
Cattle 


Cattle 


Cattle 


Cattle 
Cattle, 


Cattle 


Cattle 


Cattle 


Cattle, 


Cattle 
Cattle 
Cattle 


Cattle 


Cattle 
Cattle 
Cattle 


Cattle, 
sheep 


Sheep, 
goats 


Sheep 


sheep 


sheep 


I 


XIX 
IX 
VIII. IX. XIV. xv 
XIIi  


I 
44 compounds 
I 
XIII, XIV, XIX 


I1 


I 


I1 
VII 


I, 11, VI, VII, VIII, 
XVIII, etc. 


I, VI, VIII 


I, 11, VI 


10 compounds 


xx 
XXIII 
IV 


IV 


IV 
IV 
IV 


IV 


XIX 


Pour-on against southern cattle tick 


Bioavailability 
Pour-on against GI parasites 


Pour-on versus spray, intramuscular and 


Pour-on against cattle lice 
Pour-on against cattle lice 
Pour-ons against long-nosed sucking lice 
Pour-on versus intramuscular injection 


Pour-on against nematodes 
Screen for systemic activity 
Spray versus pour-on against cattle grub 
Comparison of XIV with XI11 and XIX 


against cattle lice 
Comparison of pour-on and 


intramuscular injection uia spray 
Pour-on anthelmintic 


Bioavailability of spray 
Bioavailability 


Comparison of pour-ons against cattle 
grub 


Spray and pour-on of VIII versus sprays 
of I and VI against cattle grub 


Pour-ons uersus dusts and sprays 
against horn flies 


Saturated sprays and pour-ons against 
cattle ticks 


Bioavailability from 1% suspension 
Pour-on for estrus synchronization 
Toxicity study 


Anthelmintic trial of pour-on 


Spot-on against round worms 
Spot-on against lung and GI worms 
Pour-on against nematodes 


Pour-on against nematodes 


Pour-on against lice and keds 


intraperitoneal injections against 
Hypoderma spp. 


against cattle grub 


VIII and IX superior 


Poor against abomasal parasites; 


All dosage forms >93% effective 
erratic against intestinal parasites 


62.3 -97.8% effective 
Effective 
Most effective for a short term 
Equivalent 


Erratic results except against H. placei 
Variable 
Pour-on superior 
XIV at 4 mg/kg equivalent to XI11 at 


16.5 mg/kg, XIX at  4.5 mg/kg 
Pour-on and intramuscular injection 


superior 
Effective against five nematodes, 


ineffective against four nematodes 
Little absorbed 


Variable results 


All exceed LDw 


Dusts and pour-ons superior to sprays 


Maximum protection: sheep, 3 weeks, 
cattle, 1 day 


No absorption 
Equivalent to oral 
All complications corrected in 1-4 


weeks 
Variable results but comparable to 


orthodox methods 
Effective 
Effective 
Equivalent to oral and subcutaneous 


Effective 


Effective against goats, hairy and wool/ 
hair sheep; less effective against wool 
sheep 


Worms in liver reduced 99-100% in 3 


- 


dosage forms 


78 


79 
80 


84 


88 


6 
90 


91 
92 
1 


93 


94 


95 


83 
96 


97 


98 


99 


100 


101 
102 
103 


104 


105 
85 
80 


86 


a9 


a 


87 Pour-on against Fasciola hepatica XXIII 
weeks 


H. J. J. Terblanche, Bayer, South Africa (Pty.) Ltd. personal communication. 
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skin layers ( i . e , ,  epidermis and dermis). This situation, 
which is essentially the same as one where the last two 
terms in Eqs. 2 and 3 predominate, was discussed by other 
investigators (10,12,39). However, it is unlikely that IV, 
which has a partition coefficient of only 5.2 between water 
and toluene (70), is sufficiently lipophilic to experience 
rate-determining clearance from the stratum corneum. 
The data on human skin penetration (13), where the 
stratum corneum was established to be the rate-deter- 
mining barrier, also suggest that IV is not highly lipophilic. 
Thus, these in uitro results support the conclusion that IV 
penetrates cattle skin via skin appendages. 


Further confirmation comes from the value calculated 
for the diffusion constants for IV in cattle skin (2.1 X 
cm2/min) (13) and sheep skin (2.5 X cm2/min) (71). 
These values are much closer to those reported for water 
diffusing through human hair follicles (0.3-1.2 X 
cm2/min) (10) or sweat ducts (6.0-12.0 X cm2/min) 
(10) than to the value calculated for water (3-4 X 
cm2/min) (10) or IV (1.9 X cm2/min) (13) penetrating 
through the stratum corneum. 


Additional support comes from considering the effect 
that dimethyl sulfoxide has on penetration through cattle 
skin (71), sheep skin (70), and human skin (11). The dra- 
matic accelerating effect that dimethyl sulfoxide has on 
the penetration of many molecules through human skin 
is in marked contrast to its effect on levamisole penetration 
through excised cattle and sheep skins where it slightly 
decreased penetration rates relative to those from aqueous 
solvents. Because this accelerating effect has been ascribed 
to dimethyl sulfoxide’s ability to alter temporarily the 
structure of the stratum corneum, it can be concluded that 
drugs do not penetrate cattle and sheep skins by this route. 
The decrease in penetration rate through cattle and sheep 
skins caused by dimethyl sulfoxide is believed to result 
from its reduction of the thermodynamic activity of the 
drug in the applied formulation (70). 


If the transappendagial route is the major means of bulk 
transport through cattle and sheep skins, it does not nec- 
essarily follow that the total skin thickness, depth of fol- 
licle, or length of sweat or sebaceous ducts would greatly 
influence penetration rates in live animals as they appar- 
ently do in excised skin. The hair follicles and ducts are 
richly supplied by blood, and drug molecules are likely to 
pass rapidly through the capillary walls and be carried 
away by the blood as they diffuse through the append- 
ages. 


If transappendagial penetration predominates in cattle 
and sheep skins and transcellular penetration predomi- 
nates in human skin, some procedures that have been 
adopted to promote human skin penetration will not 
necessarily be effective in promoting cattle and sheep skin 
penetration. The procedures in question were well re- 
viewed (10-12,76), and they include hydration of the skin 
and the use of stratum corneum modifiers such as dimethyl 
sulfoxide or surfactants. 


However, other procedures such as maximization of the 
concentration gradient or, more accurately, the thermo- 
dynamic activity gradient of a drug across the rate-deter- 
mining barrier and of the rate-determining barrier-vehicle 
partition coefficient will be equally important in promoting 
cattle and sheep skin penetration as in promoting any 
Fickian diffusion process (77). Thus, if molecules diffuse 


through the skin appendages and these present a homo- 
geneous barrier, the flux J is given by: 


. 


J=- D A K A  ACs = kp .A  ACs (Eq. 4) 
6 A  


where: 


DA = diffusion constant of penetrant molecules in 


K A  = appendage-vehicle partition coefficient of 


= thickness of appendages that must be 


appendages 


penetrant 


traversed 
ACs = external concentration difference 
kp,A = permeability constant of penetrant 


molecules in appendages 


Poulsen (76) and others (10-12) discussed how an un- 
derstanding of the density of the stratum corneum (be- 
cause D a l/viscosity) and its solvent and physicochemical 
properties have been utilized to control dermal delivery 
to humans. Similar approaches are necessary to promote 
dermal delivery to cattle and sheep but will necessitate an 
understanding of the viscosity and physicochemical 
properties of the appendagial pathways. 


Anatomical and physiological studies of cattle and sheep 
skins, discussed earlier, indicate that the nature of the skin 
emulsion formed from sebum and sweat holds the clue to 
skin permeability. The emulsion forms in the infundibula 
of the follicles and, in oozing through follicle pores and 
through all (in sheep) or the upper layers (in cattle) of the 
stratum corneum, results in the deposition of emulsified 
sebum around the emerging fibers and, to a greater (in 
sheep) or lesser (in cattle) extent, on the wool and hair fi- 
bers. This emulsion probably is the medium through which 
molecules must pass to reach a point where they can dif- 
fuse through capillaries into the blood. 


If this conclusion is correct, seasonal changes in the 
composition of the emulsion that result from previously 
discussed seasonal changes in sweat and sebum output are 
the reason why drugs appear to penetrate cattle skin faster 
in summer than in winter. In uitro studies on penetration 
of levamisole (IV) through excised cattle skin revealed that 
the drug penetrated 10 times faster through skin harvested 
in summer than through skin harvested in winter (71). A 
similar conclusion was drawn from measurements of blood 
levels of IV in cattle following application of trial pour-on 
formulations in summer and winter (71). Another possible 
example of reduced skin permeability in winter as com- 
pared to summer was the report (78) that a pour-on 
phosmet (VIII) at 40 mg/kg gave excellent control of 
Southern Cattle Tick when applied to cattle in Australia 
in March (early fall) or September or October (spring) but 
poor control in May (winter). 


Preliminary results indicate that the penetration barrier 
( i . e . ,  in all probability, the emulsion) is a relatively polar 
solvent for penetrant molecules. Thus, studies of the 
penetration of IV through excised cattle skin (71) indicated 
that the partition coefficient of IV from aqueous solutions 
where it existed primarily as a neutral molecule was 0.84. 
The substitution of water by less polar solvents ( i e . ,  better 
solvents for IV) resulted in an apparent reduction in the 
skin-solvent partition coefficients. Dedek (72) concluded 
that polar organophosphorus compounds ( i . e . ,  those with 


1190 I Journal of Pharmaceutical Sciences 
Vol. 70, No. 11, November 198 1 







relatively high water solubility) penetrate cattle skin most 
rapidly from solvents with low polarity, whereas nonpolar 
Compounds penetrate most rapidly from polar solvents. 


Before a definitive correlation of these results with the 
solvent properties of the barrier can be made, it must be 
established (77) that diffusion in the barrier rather than 
clearance from it into an aqueous environment is rate de- 
termining for the organophosphorus compounds. Never- 
theless, Dedek and coworkers (72-74) set out useful 
guidelines for formulation of topical drug delivery systems. 
The solubilities of some insecticides are given in Table I. 
Values of 738 compounds are in Ref. 75. 


An additional problem arises if diffusion through the 
emulsion is the preferred pathway for drug absorption. 
Hence, if a dosage form is designed so that the drug has a 
favorable emulsion-vehicle partition coefficient, the drug 
will also have a strong tendency to diffuse up the emulsion 
coat on the hair and wool fibers in competition with its 
diffusion into the lower skin layers. This phenomenon 
could reduce the rate of skin penetration, but it could also 
lead to relatively sustained release of a drug over an ex- 
tended period because the surface emulsion would act as 
a drug depot. 


It must be reemphasized that the foregoing discussion 
is highly speculative and is included to stimulate experi- 
mental approaches towards elucidation of absorption 
mechanisms. 


POUR-ON AND SPOT-ON FORMULATIONS 


Table VII lists some trials performed with pour-on or 
spot-on formulations on cattle and sheep. While there is 
a substantial body of evidence that topical drug delivery 
can be effective, the studies provided little information on 
the absorption mechanism and thus little information that 
could be used as a basis for designing future topical drug 
delivery systems. Some of the reasons for this sorry state 
of affairs are: 


1. Failure to report the solvents used in trials. All but 
three of the reports tabulated in Table VII failed to men- 
tion the solvents used. Words such as “a suitable solvent,” 
“a rapidly evaporating solvent,” “a slowly evaporating 
solvent,” or “an emulsifiable solvent” were used. There- 
fore, it is not possible to ascertain whether the failure of 
certain trials arose because the partition coefficient be- 
tween the penetration barrier and the solvent or vehicle 
was so unfavorable that the rate and extent of absorption 
( i . e . ,  the bioavailability) were unacceptably low or because 
the drug was not active systemically. Furthermore, it is 
known that many organic solvents damage skin. This effect 
could increase drug bioavailability to a point where it gave 
an acceptable therapeutic response but produced unac- 
ceptable inflammation or lesions due to bacterial prolif- 
eration. 


Without knowing the solvent used, it is also impossible 
to separate skin damage caused by residual drug from that 
possibly caused by the solvent. An example of the problems 
caused by failure to specify the solvents used in the for- 
mulations is provided by a report (78) of a comparison of 
nine pour-on formulations of organophosphorus insecti- 
cides against the Southern Cattle Tick in Australian Illa- 
warra Shorthorns (Study 1 in Table VI1). Because the 
solvents were not mentioned, it was impossible to evaluate 


why phosmet (VIII) a t  40 mg/kg and chlorpyrifos (1x1 at 
60 mg/kg gave better tick control than the other seven 
products or why IX caused severe hair loss and skin burns 
while the VIII formulation did not. 


2. Failure to restrain animals so that they cannot lick 
themselves or other animals. Drugs applied to the skin of 
animals can enter the systemic circulation by transdermal 
absorption or orally if the animals ingest the drug by 
licking. In many cases, drugs were applied to animals in 
such a way that they could not lick them off themselves 
(e .g . ,  drugs applied to cattle on the dorsal midline ex- 
tending backward from the withers), but frequently no 
steps were taken to prevent the animals from licking drug 
from other animals. 


The danger of this latter event leading to erroneous re- 
sults is illustrated by a study (79) (Study 2 in Table VII) 
in which ronnel (VII) was applied on the dorsal midline of 
cattle from the hip forward and drug concentrations in the 
blood and other tissues were monitored as a function of 
time. The animals were yoked and their tails were tied for 
the first 10 days to prevent any oral ingestion; they were 
then allowed to run free. The blood levels of VII passed 
through a maximum after 36 hr and then fell away expo- 
nentially until about Day 11 when there was a dramatic 
increase in blood levels, eventually reaching a blood con- 
centration that was 50% higher than the initial maximum. 
This phenomenon resulted from oral ingestion of drug 
after the animals were allowed to run free. 


No difference in efficiency of a levamisole pour-on 
against nematodes in cattle was observed between re- 
strained and free cattle (80). This result could arise because 
levamisole, as would be expected from the in vitro skin 
permeability studies (13), is very rapidly absorbed. 


While it is appreciated that commercially useful pour-on 
formulations will be applied to free running animals, care 
must be exercised in judging the effectiveness of a for- 
mulation on the basis of trials where oral ingestion of 
topically applied drugs is possible. 


3. The use of imprecise end-points to evaluate products. 
The ideal end-point for the evaluation of a drug delivery 
system is the therapeutic or pharmacological response that 
it is intended to elicit. However, as illustrated by Poole and 
Dooley (81) (Study 3 in Table VII), great care must be 
exercised in selecting the correct end-point. These authors 
discussed the effectiveness of a crufomate pour-on as an 
anthelmintic against GI parasites in cattle on the basis of 
both the egg count per gram of feces and the helminth 
counts a t  necropsy. The latter parameter indicated that 
the dosage form had no anthelmintic effect on abomasal 
helminths and had eratic efficacy on intestinal parasites. 
This finding was in contrast to an earlier report (82) that 
concluded, on the basis of egg counts per gram of feces 
only, that the treatment was effective against a variety of 
GI parasites in cattle. The authors (81) pointed out that 
ova in the feces indicated only the presence of an ovulating 
female helminth and should be used only as a diagnostic 
tool. 


Because it is wasteful and often not possible to carry out 
necropsies to evaluate anthelmintic activities of pour-on 
formulations, it seems highly desirable to obtain blood 
level uersus time profiles for drugs following dermal ap- 
plication and to use this information as a basis for devel- 
oping new formulations. 
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These points illustrate the need to use caution in in- 
terpreting currently available reports on the effectiveness 
of pour-on formulations. 


Retention of Drugs on Skin-Some reports indicated 
that a number of topically applied drugs persist on the skin 
or coat of animals for long periods and that only a fraction 
of the applied dose is absorbed (poor bioavailability). For 
example, the application of a 4% formulation of 32P-labeled 
VII in paraffin oil to cattle (Study 2 in Table VII) resulted 
in the appearance in the blood of an organosoluble fraction 
(undegraded drug and an oxygen analog) and water-solu- 
ble breakdown products (79). The maximum concentration 
of the organosoluble fraction was reached in 48 hr in re- 
strained animals and had fallen to zero by Day 9. However, 
an appreciable amount of radioactivity was still present 
on the skin and hair after 10 weeks. 


Although only very small amounts of 32P-labeled I1 were 
absorbed by cattle following the use of a dilute spray so- 
lution (in 20% xylene-octoxyno12), high levels of unchanged 
drug could still be detected on the skin after several weeks 
(83) (Study 4 in Table VII). Similarly, high levels of I were 
present on the skin of cattle 30 days after treatment with 
both a spray and pour-on made by diluting an emulsifiable 
concentrate of drug with water (84) (Study 5 in Table VII). 
These phenomena presumably result from chemical in- 
teractions of the drugs with the hair fibers or the skin 
proteins as discussed previously. 


The ways in which these phenomena are likely to vary 
with the chemical properties of the drug are illustrated by 
reports that the bioavailability of IV from a pour-on (80) 
and spot-on (85) formulation was as good as or better than 
that from an oral formulation (Studies 6 and 7 in Table 
VII) . 


Solvent Systems and Methods of Application-Al- 
though many investigators have failed to report the exact 
solvent systems used in individual studies, there are fre- 
quent references to generic solvents. Pour-on formulations 
often consist of a suspension of a wettable powder in water 
or light mineral oils. Manufacturers do not usually reveal 
the formulation of the wettable powders, but they are 
generally composed of a wetting agent, a dispersing agent, 
and a clay or other inert carrier together with the drug. The 
wettable powder is employed to maximize the rate of dis- 
solution of solid drug following its application to the 
skin. 


Suspensions are also sometimes prepared in light liquid 
paraffin or other light mineral oils or oil-based water- 
immiscible drug solutions. 


Light mineral oils are usually poor solvents for drugs, 
but they are often included in suspensions or solutions to 
hold the drug on the animal’s skin. Some other solvent 
systems that have been described are 10% dimethyl sulf- 
oxide-aromatic hydrocarbon (86), 10% cyclohexanol- 
aromatic hydrocarbon (86), dimethyl sulfoxide-amyl al- 
cohol (1:4) (87), and various isopropanol-based solvents 
that contain light mineral oils, surfactants, or aromatic and 
nonaromatic solvents. 


Water-insoluble compounds are often formulated as an 
emulsifiable concentrate. The emulsifiable concentrate 
contains one or more surfactant and produces an emulsion 
or micellar solution, with the water-insoluble drug in the 


2 Triton X-100. 


nonaqueous phase, when mixed with water. 
Various methods have been described for applying 


topical drug delivery systems. The simplest and most 
commonly used method is to pour the drug solution from 
a beaker or similar vessel onto the skin of the animal. Ap- 
plication of drugs to sheep skin has been achieved by 
parting the wool and dispensing the formulation from a 
needleless syringe (86). 


One study (104) reported that the area of cattle skin to 
which IV had been applied was kept damp for several days. 
However, the effect of this procedure on penetration rates 
was not recorded. 


One report (96) highlighted the fact that VII was ab- 
sorbed more effectively from shorn than from unshorn 
areas of sheep skin. 


FUTURE WORK 


There is an urgent need to establish firmly whether a 
relationship exists between the permeability of excised 
cattle and sheep skins to drug formulations in in uitro ex- 
periments and the permeability of the skins in live animals. 
Such relationships have been established (10, 12) for 
human skin penetration, and this fact has led to the pro- 
duction of a vast amount of quantitative information about 
the process. 


If no direct relationship is found, it will suggest that such 
factors as the rate of production of sebum or sweat, the rate 
of blood flow, and even the rate a t  which keratinized epi- 
thelial cells are shed by the skin of live animals may be 
involved in the dermal drug delivery process. If this is the 
case, experiments must be carried out on live animals 
under various conditions to permit a rational approach to 
controlled dermal delivery. These experiments must be 
performed under conditions where applied drugs cannot 
be ingested and where their chance of being removed by 
rain or other environmental forces is minimized. 


If the permeability of excised skin is directly related to 
in uiuo behavior, the task of characterizing the absorption 
mechanism will be easier. The experimental methods al- 
ready developed to study human skin penetration (13) can 
be applied to obtain quantitative information about the 
effects of breed, season, climate, age, nutritional status, 
and formulation on the transdermal delivery process. 
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Abstract Tritium-labeled 3-n-pentadecylcatechol and its diacetate 
ester were fed to Sprague-Dawley rats. Both compounds were dissolved 
in ethanol and in corn oil vehicles and administered by gavage. The rats 
were placed in metabolic cages, and the urine and feces were collected. 
The radioactivity excreted in the urine and feces was determined by 
liquid scintillation counting, and the percentage of the administered dose 
was utilized as a measure of absorption. While there was no difference 
between the absorption of either compound, absorption was affected by 
the vehicle. Approximately 30% of the administered radioactivity ap- 
peared in the urine when ethanol was the vehicle, but about half that 
amount (14%) was excreted in the urine when the compounds were dis- 
solved in corn oil. A subsequent bile cannulation study showed that the 
balance of the radioactivity found in the feces was not a result of biliary 
excretion. The majority of the activity recovered from urine and feces 
was eliminated within 48 hr after dosing. These data indicate that oil is 
a poor vehicle for GI absorption of urushiol components. 


Keyphrases 0 Absorption, GI-3-n-pentadecylcatechol and its diace- 
tate derivative, effect of vehicle, rats 0 3-n-Pentadecylcatechol-poison 
ivy component, effect of vehicle on GI absorption, rats Urushiol- 
poison ivy component of 3-n-pentadecylcatechol, effect of vehicle on GI 
absorption, rats Poison ivy-3-n-pentadecylcatechol component of 
urushiol, effect of vehicle on GI absorption, rats 


Three poisonous species of the family Anacardiaceae 
[uiz., Toxicodendron radicans (poison ivy), T. diuersilo- 
bum (poison oak), and T. vernix (poison sumac)] are col- 
lectively responsible for most allergic contact dermatitis 
in the United States. Because of the ubiquity of these 
plants, -80% of the US .  population exhibit some allergic 
response to them, and 50% of the population is clinically 
allergic (sensitivity to 2 p g  of urushiol or less) (1). 


BACKGROUND 


The allergenic constituents of these species commonly are referred to 
as urushiols and consist of dihydric phenols with either a 15- or 17-carbon 
side chain in the third ring position, which may or may not contain 1-3 
double bonds (2,3). The administration of plant extracts to desensitize 
humans has been practiced clinically since the 1920's. Urushiols are in- 
soluble in water and usually are dissolved in corn, olive, or almond oil (4). 
Urushiols are extreme irritants, and injection or oral administration of 
these substances to sensitive humans in doses sufficient to produce 
prophylaxis requires extreme care (5,6). 


Toxicity can be eliminated by methylation of the ring hydroxyl groups 
(7,8). Experiments in this laboratory showed that esterification of the 
urushiol hydroxyl groups markedly reduced their toxicity. However, these 
ester derivatives desensitize sensitive guinea pigs and produce immu- 
nological tolerance in naive guinea pigs when administered orally or in- 
travenously (8). 


The toxicities of the free versus esterified urushiols were compared 
in this laboratory. In mice, the LD50 of free poison oak urushiol via the 
intraperitoneal route was 73.75 mg/kg while that of the esterified urushiol 
was 324.70 mg/kg. Oral doses of the free urushiol in corn oil required to 
produce lethality were >600 mg/kg, while oral doses of 1600 mg/kg of the 
esterified urushiol in corn oil produced no lethality. From these studies, 
it appeared that corn oil prevented urushiol absorption and protected 


mice from its toxic effects. This study was undertaken to determine the 
effect of the vehicle on the absorption of the urushiol component, 3-n- 
pentadecylcatechol (I), and its diacetate derivative (11) after oral ad- 
ministration to rats. 


EXPERIMENTAL 


3-n-Pentadecylcatechol (1)-Poison ivy urushiol was isolated by 
ethanolic extraction of fresh leaves, berries, and green stems of T. radi- 
cans1 using a reported extraction procedure (2). The urushiol extract was 
partially purified (60% pure) as previously described (3). Aliquots of the 
purified urushiol oil were reduced to I by catalytic hydrogenation, using 
5% palladium-on-carbon, and the mixture containing I was purified 
further by passage over a dry silica gel 60 column with chloroform as the 
eluting solvent. 


The eluting fractions were tested for I using 1% ethanolic ferric chlo- 
ride; fractions containing I were combined, and the solvent was evapo- 
rated in uacuo. The residue containing I was purified further by passage 
over a polyamide column2 with 90% ethanol in water as the eluting sol- 
vent. Fractions containing I were combined, and the solvent was evapo- 
rated. Further purification of I was accomplished by repeated crystalli- 
zation of the residue in hexane. Colorless needle crystals of I resulted, 
mp 58-59'. The identity of I was confirmed by GLC and GLC-mass 
spectral analysis using previously described procedures (2,9). 


Pentadecylcatechol Acetate (11)-Crystalline I was dissolved in 
acetic anhydride and pyridine and was stirred a t  room temperature 
overnight. The reaction mixture then was poured over crushed ice and 
extracted with chloroform. The chloroform extract was washed succes- 
sively with chilled dilute sulfuric acid, water, saturated sodium bicar- 
bonate, and again with water. The chloroform solution was dried (sodium 
sulfate), and the solvent was evaporated, yielding 11. GLC-mass spectral 
analysis showed quantitative conversion to the diacetate derivative. 
3-n-Pentadeca-8,11,14-trienylcatechol (Triolefinic Congener) 


-The triolefinic congener of I was isolated from purified poison ivy ur- 
ushiol extract. Urushiol(>60% pure) was converted to its diacetate de- 
rivative with acetic anhydride and pyridine. The urushiol acetate was 
passed over a dry silica gel3 column impregnated with silver nitrate with 
1% methanol in chloroform as the eluting solvent. The polarity of the 
eluting solvent was increased gradually to 4% methanol in chloroform, 
and fractions containing the mono-, di-, or triolefinic congener acetates 
were pooled separately based on their TLC similarities on silver ni- 
trate-impregnated silica gel plates. The solvent was evaporated from the 
pool containing the triolefinic congener acetate, and the allergenically 
active triolefinic congener was regenerated by basic hydrolysis using 10% 
sodium carbonate in dioxane-water (4:l). The reaction mixture then 
was acidified, and the free congener was determined by GLC and 
GLC-mass spectral analysis of the trimethylsilyl derivative (9). 


Radiolabeled Material-Fifty milligrams of I containing 50 fig of the 
triolefinic congener was tritium reduced4. The specific activity was 10.6 
mCi/mg of I. 


T. r ~ d i ~ ~ n ~  (L.) Kuntze (Anacardiaceae) was collected near the University of 
Mississippi campus in Oxford, Miss., by M. A. ElSohly in 1975. The plant samples 
were authenticated by Dr. M. W. Quimby. Voucher species are stored in the drug 
plant herbarium a t  the School of Pharmacy, University of Mississippi, University, 
MS 38677. 
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Table I-Cumulative Percentage of Orally Administered 
Trit iated Pentadecylcatechol (I) or Its Diacetate Derivative (11) 
Excreted in Urine 


~~ 


Hours Tritiated I Tritiated I Tritiated I1 Tritiated I1 
Postdose in Ethanol in Oil in Ethanol in Oil 


6 7.35f 2.84 4.41 f 1.13 8.27 f 3.57 3.63 f 2.21 
24 21.53 f 5.65 11.49 f 1.32 24.41 f 2.06 11.90 f 3.57 
48 25.02 f 7.04 13.07 f 0.90 28.40 f 1.66 13.17 f 3.84 
72 25.82 f 7.33 13.55 f 0.91 29.92 f 1.87 13.71 f 3.97 
96 26.55 f 7.71 13.97 f 0.99 30.74 f 1.94 14.11 f 4.09 


120 28.33 f 7.37 14.22 f 1.02 31.50 f 1.84 14.40 f 4.16 


T o  prepare the labeled acetate derivative, the tritium-labeled I was 
converted to the acetate derivative using the procedure described earlier. 
Labeled materials were purified by preparative silica gel TLC to a purity 
of >90% prior to use. 


Ethanol and  Corn Oil Solutions of I and  11-Aliquots of tritiated 
I or tritiated I1 in benzene were evaporated to dryness, and unlabeled I 
and I1 crystals were added as carrier. Ethanol and corn oil were the ve- 
hicles used to prepare solutions containing 2 mg of I/ml or the equivalent 
of 2 mg of I as the acetate per milliliter. Specific activities of prepared 
solutions were determined by liquid scintillation counting using internal 
standardization. 


Animals-Female Sprague-Dawley rats, 250-300 g, were obtained 
from an in-house breeding colony. They were fasted 12 hr prior to in- 
tragastric administration of the radiolabeled solutions. 


Urine and  Fecal Excretion-Four animals each were administered 
1-mg po doses of tritiated I or tritiated I1 in either corn oil or ethanol. 
After dosing, animals were housed in individual metabolism cages, and 
urine and feces were collected a t  6,24,48,72,96, and 120 hr. The urine 
volumes were measured, and aliquots were mixed with 15 ml of scintil- 
lation cocktail5. After drying in a desiccator, the feces were weighed, 
frozen in liquid nitrogen, pulverized, and uniformly mixed. Aliquots of 
80-120 mg were weighed accurately and then combusted in a sample 
oxidizer6; the resulting tritiated water was incorporated into 15 ml of 
liquid scintillation cocktail?. 


All samples were dark-adapted overnight and then counted for 10 min 
or 1% (20) error in a liquid scintillation counters. Absolute activity was 
calculated by the use of an external standard channel ratio quench cor- 
rection curve. The radioactivity in both urine and feces was expressed 
as the percentage of the activity of the dose excreted for the sampling 
period and the cumulative percent of dose amounts. Average excretion 
values for each collection interval then were calculated for each group. 


Biliary Excretion-When results of the oral dosing study indicated 
that most of the administered dose was excreted in the feces, another 
study was conducted to see if this result was due to biliary excretion of 
the labeled material or to a lack of absorption of the compound from the 
GI tract. 


The bile ducts of four rats were cannulated. Animals were dosed orally 
with a freshly prepared solution containing the equivalent of 1 mg of I 
in the form of tritiated I1 in ethanol. The bile was collected, and the 
volume was measured a t  6,12,24, and 30 hr. Aliquots of bile were mixed 
with scintillation cocktail5 and measured for radioactivity. 


RESULTS AND DISCUSSION 


Urine and Fecal Excretion-Tritium-labeled I and I1 were dissolved 
in corn oil and in ethanol, and the percentage of the orally administered 
radioactivity appearing in the urine was taken as a measure of absorption 
in rats. The radioactivity appearing in the urine a t  6,24,48,72,96, and 
120 hr after oral dosing was determined and expressed as the cumulative 
percent excreted (Table I). Approximately 30% of the administered ra- 
dioactivity appeared within 120 hr in the urine of rats dosed with the 
ethanol solutions. Only half that  amount (14%) of the activity was ex- 
creted in the urine when these compounds were given in oil. In this study, 
the absorption patterns of the two compounds were similar in both ve- 
hicles. Seventy-five percent or more of the total activity excreted in the 
urine appeared within the first 24 hr regardless of the vehicle or com- 
pound. The rapid absorption of I also was noted by Godfrey et al. (10) 


Table 11-Cumulative Percentage of Orally Administered 
Trit iated Pentadecylcatechol (I) o r  Its Diacetate Derivative (11) 
Excreted in Feces 


Hours Tritiated I Tritiated I Tritiated I1 Tritiated I1 
Postdose in Ethanol in Oil in Ethanol in Oil 


24 35.04 f 8.94 61.31 f 4.22 36.26 f 8.08 74.65 f 12.71 
48 49.94 f 1.74 69.42 f 4.10 52.04 f 5.10 79.33 f 11.48 
72 51.99 f 2.18 70.45 f 4.06 54.91 f 5.73 81.51 I10.62 
96 52.73 f 2.41 70.83 f 4.09 55.55 f 5.75 81.78 f 10.53 


120 52.98 f 2.46 71.03 f 4.12 55.90 f 5.77 81.91 f 10.50 


from an orally administered glycerol-95% ethanol solution. 
The radioactivity excreted in the feces at  24,48,72,96, and 120 hr after 


oral dosing is expressed as cumulative percent excreted (Table 11). The 
majority of the administered radioactivity of both compounds was 
eliminated in the feces. There was a greater percentage of tritiated I and 
I1 excreted in the feces of rats dosed with oil solution (71 and 82%, re- 
spectively) than in the feces of rats receiving the ethanol solution, ap- 
parently due to reduced absorption of these compounds from corn oil. 
As with the urinary excretion patterns, most of the activity eliminated 
in the feces (264%) appeared within the first 24 hr after dosing, and the 
bulk of the remaining material appeared during the second 24-hr period. 
The total recovery of the administered radioactivity within 120 hr ranged 
from 81 to 96%. 


Biliary Excretion-Studies by Godfrey et a / .  (10) showed a persis- 
tence of I in the bile, liver, spleen, appendix, and body fluids, which was 
taken as evidence for enterohepatic circulation of I and its metabolites. 
Since the majority of administered radioactivity in the present study was 
eliminated in the feces within the first 24-48 hr, it was of interest to de- 
termine if some activity recovered in the feces might have been due to 
absorption followed by excretion into the feces. Thus, the bile ducts of 
rats were cannulated, and the animals were dosed with tritiated I1 in 
ethanol. The bile was collected at 6, 12, 24, and 30 hr, until negligible 
amounts of activity appeared in the bile. 


Approximately 2% of the administered activity appeared in the bile 
every 6 hr for the first 24 hr for a cumulative total of 8.85%. After 30 hr, 
negligible amounts were observed in the bile. Since 8.85% of the admin- 
istered radioactivity was excreted in the bile within the first 24 hr, it can 
be assumed from the previous experiment that a maximum of 15% of the 
activity appearing in the feces (64% of the administered doses) represents 
biliary-excreted activity. 


The results of the present study indicate that oils are poor vehicles for 
administering urushiols or their water-insoluble derivatives. The in- 
vestigation of other vehicles to improve the absorption of these com- 
pounds is in progress. Additional studies also are being conducted to 
determine the urinary and biliary metabolites of these compounds. Op- 
timal absorption may significantly alter the cost of prophylaxis since less 
drug will be required to obtain therapeutic tissue levels. In addition, 
decreasing the amount of material eliminated in the feces might signifi- 
cantly reduce the toxic side effects, particularly perianal dermatitis. 
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Abstract 0 Parsley cigarettes containing [3H]phencyclidine were ma- 
chine smoked, and the mainstream smoke was trapped in glass wool fil- 
ters. Radioactivity was extracted from these filters with chloroform. The 
average recoveries of radioactivity were 76,85,70, and 69% for cigarettes 
containing 3,10,30, and 50 mg of [3H]phencyclidine hydrochloride, re- 
spectively. TLC and GLC-mass spectrometry were employed to identify 
and quantify compounds in the filter extracts. Approximately one-half 
of the recovered radioactivity represented a pyrolysis product, phenyl- 
cyclohex-1-ene. Formation of this product involved loss of piperidine from 
phencyclidine. Piperidine, which was not radiolabeled, also may appear 
in smoke intact. The remainder of the radiolabeled material represented 
unchanged phencyclidine. Therefore, the percentage of [3H]phencyclidine 
delivered was -4Wo of the amount smoked. This result was independent 
of puff frequency and quantity of phencyclidine hydrochloride smoked 
over the range tested. The [3H]phencyclidine delivery was compared to 
the quantities of [3H] -Ag-tetrahydrocannabinol and [3H]nicotine deliv- 
ered in mainstream smoke. The recovery of unchanged [3H]-Ag- 
tetrahydrocannabinol from placebo marijuana cigarettes injected with 
a solution containing 3 mg of A9-tetrahydrocannabinol was 60%. Tobacco 
cigarettes injected with [3H]nicotine yielded 70% unchanged nicotine in 
mainstream smoke. 


Keyphrases 0 Pyrolysis-formation of phenylcyclohex-1-ene from 
phencyclidine in smoke 0 Phencyclidine-identification of pyrolysis 
product phenylcyclohex-1-ene in smoke 0 Phenylcyclohex-l-ene- 
pyrolysis product of phencyclidine identified in smoke Smoke- 
identification of phenylcyclohex-1-ene, a pyrolysis product of phency- 
clidine 


Phencyclidine [ 1 - (1 - phenylcyclohexyl) piper idine] has 
gained popularity as a drug of abuse, probably because it 
produces euphoria, dissociation, and hallucinations (1). 
Smoking phencyclidine-impregnated spices is currently 
a major method of abuse. The high temperature dttained 
in a burning cigarette raises the possibility that phency- 
clidine may evolve pyrolysis products when smoked. 
Phencyclidine is converted to phenylcyclohex-1-ene in the 
gas chromatograph at  low temperatures (2) (Scheme I), 
which may have led to the conclusion that phenylcyclo- 
hexene is a metabolite of phencyclidine (3). Preliminary 
results indicate that phenylcyclohexene also is formed 
during smoking (4). In this study, the amount of phency- 
clidine delivered in mainstream smoke was determined 
and the pyrolysis products were identified and quanti- 
fied. 


phencyclidine phenylcyclohex-1-ene 
Scheme I 


EXPERIMENTAL 


Drugs-Phencyclidine hydrochloride’, piperidinocyclohexane car- 
bonitrilel, [phenyZ-l-3H(n)]phencyclidine1 (17 Ci/mmole), Ag- 
tetrahydrocannabinol’, and [1’,2’-3H]-A9-tetrahydrocannabinol’ (43 
mCi/mmole) were used. [pyrr0ZidinyZ-4’,4-~H]Nicotine (4.7 Ci/mmole) 
was synthesized according to the procedure of Vincek et al. (5). 


Preparation of Cigarettes-Cigarettes containing phencyclidine 
were prepared using commercially available parsley flakes2, 55-mm cig- 
arette tubes3, and a cigarette machine4. Each cigarette (55@-600 mg) was 
prepared immediately prior to its use by injection with 0.5 pCi of [3H]- 
phencyclidine and 3,10,30, or 50 mg of phencyclidine hydrochloride in 
volumes of 50,50,150, or 200 pl of ethanol, respectively. Filterless ciga- 
r e t t e ~ ~  (84 mm) were injected with 0.5 pCi of [3H]nicotine in 50 pl of 
ethanol, and placebo marijuana cigarettes’ were injected with 0.5 pCi of 
[3H]-A9-tetrahydrocannabinol and 3 mg of A9-tetrahydrocannabinol in 
50 pl of ethanol. All drug solutions were injected axially and evenly 
throughout the middle 35 mm of the cigarettes and allowed to dry before 
smoking. 


Procedure-Cigarettes were inserted in a holder and attached to the 
smoking apparatus (Fig. 1). Smoking was effected by negative pressure 
provided by water aspiration, and smoke was collected on two contiguous 
filters (each consisting of 1-1.25 g of glass wool stuffed in 16 cm of 
0.635-cm i.d. tubin$). Interfaced between the filters and vacuum source 
were an empty trap (for back-siphoning) and a trap containing 10 ml of 
chloroform. 


Puffing was accomplished with an electric switching valve7 that opened 
and closed the system to the vacuum every 5.8 sec. Puff frequency was 
altered by replacement of a capacitor in the circuit board controlling the 
valve. A vacuum regulators was set to permit delivery of 45 ml of 
smoke/5.8-sec puff duration. After an entire cigarette was smoked, each 


1 National Institute on Drug Abuse. 
McCormick and Co., Baltimore, Md. 
Dominion Cigarette Tube Co., Montreal, Canada. ‘ Premier Supermatic, Central Tobacco Manufacturing Co. Ltd., Montreal, 


Pall Mall, American Tobacco Co., Richmond, Va. 
6 Tygon Tubing and Molded Products, Akron, Ohio. 


Skinner, New Britain, Conn. 
8 Fairchild, Winston-Salem, N.C. 


Canada. 
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Table I-Recovery of [3H]Phencyclidine from Mainstream Smoke 


[3H] Phencyclidine", mg 
Radioactivity 
Recovered*, % 


Quantity RecoveredC, mg (micromoles) 
Phencyclidine Phenylcyclohexene 
- 


2.62 76 f 4 1.43 (5.88) 0.56 (3.54) 
4.62 (19.01) 2.71 (17.15) 8.73 8 4 f 4  


26.20 70 f 4 11.19 (48.01) 7.15 (45.20) 
43.63 69 f 5 16.26 (66.92) 13.84 (87.57) 


Quantity of [3H]phencyclidine injected into cigarettes that corresponds to 3,10,30, or 50 mg of the hydrochloride salt. * Means f SE of n = 3. Determined by TLC 
analysis. 


filter tubing unit was washed with chloroform (40 ml), and 50-pl aliquots 
were placed in scintillation vials with 10 ml of aqueous counting scintil- 
lantg. A rinse of the cigarette holder was included in the wash of the first 
filter. Each sample was assayed for radioactivity in a scintillation 
counter lo. Quench was corrected by external standardization. 


Temperature of Burning Cigarette-A thermocouplell measured 
the temperature within a burning parsley cigarette. The temperature- 
sensitive electrode was inserted perpendicular to the long axis of the 
cigarette at its midpoint, and the temperature was recorded every 5 
sec. 


TLC-To quantify [3H]phencyclidine and identify pyrolytic produds, 
150 p1 of each chloroform wash of the glass wool was applied as a band 
to each of two 5 X 10-cm silica gel TLC platesx2 along with 5 pg of phen- 
cyclidine and phenylcyclohexene. One plate was developed in chloro- 
form-methanol-concentrated ammonia (9010:0.15), in which phency- 
clidine had an R/ value of 0.42 and phenylcyclohexene moved with the 
solvent front. The other plate was developed in hexane-concentrated 
ammonia (5:0.04), in which phencyclidine remained at  the origin and 
phenylcyclohexene had an Rf value of 0.42. The bands were visualized 
by exposure to iodine vapor, and the plates then were divided into bands 
and scraped into scintillation vials containing 0.5 ml of methanol and 0.5 
ml of water. The samples were sonicated for 30 min, and radioactivity 
was counted in 10 ml of counting fluidI3. Counting efficiency was cor- 
rected by internal standardization using [3H]toluene14. 


The [3H]nicotine and [3H] -Ag-tetrahydrocannabinol smoke conden- 
sates were analyzed by TLC as already described. The solvent system for 
[3H]nicotine was ether-acetone-concentrated ammonium hydroxide 
(4:1:0.15). The samples were cochromatographed with 3 pg of nicotine 
(RlO.67), and the standard was visualized by spraying with Dragendorff 
solution. The [3H]-A9-tetrahydrocannabinol samples were cospotted with 
3 pg of A9-tetrahydrocannabinol. After development in 4-0 petroleum 
ether-ether (4:1), Ag-tetrahydrocannabinol (Ri 0.56) was visualized by 
spraying with 0.1% Fast Blue B in 1 N NaOH. 


GLC-Mass Spectrometry-The in~trument '~  was operated at  an 
accelerating voltage of 1.55 kv, an electron energy of 70 ev, a separator 
temperature of 250°, an ion source temperature of 250°, and an injector 
temperature of 200". The glass column (1 m X 2 mm) was packed with 
3% (w/w) SP-2250 on 80-100-mesh Gas Chrom Q16, and the carrier gas 
(helium) flow rate was 30 ml/min. The initial column temperature of 160" 
was increased to 180" immediately after phenylcyclohexene was eluted 
(0.95 rnin). 


RESULTS 


The smoking interval for the average cigarette (smoked in its entirety) 
was -6 rnin when a puff interval of 5.8 sec was used. The temperature 
at the midpoint of the parsley cigarettes (n = 8) reached a maximum of 
671 f 13". The midpoint temperature was >400° for 4 . 5  rnin (5 mm of 
cigarette burned), indicating that the cigarette components were 
subjected to high temperatures for a considerable time. 


Recovery of Radioactivity from Cigarettes-After the smoking 
of a cigarette containing 3 mg of [3H]phencyclidine hydrochloride, 76% 
of the radioactivity was found in the first filter and none was found in the 
second (Table I). Increasing the quantity of [3H]phencyclidine hydro- 
chloride in the cigarettes did not affect recovery. The possible effect of 
puff frequency on recovery also was investigated by increasing the in- 
terpuff interval from 5.8 to 30 sec. A t  the lower puff frequency, 67 f 6% 


9 ACS, Amersham Corp., Arlington Heights, Ill. 
10 Beckman Instruments, Palo Alto, Calif. 
l1 Wahl Instruments, Culver City, Calif. 
12 Analtech, Newark, Del. 
13 Spectrafluor, Amersham Corp., Arlington Heights, Ill. 
l4 New England Nuclear, Boston, Mass. 
15 Finnigan 4000 GLC-mass spectrometer, Finnigan, Sunnyvale, Calif. 
l6 Applied Science Laboratories, State College, Pa. 


(n = 3) of the radioactivity in a cigarette containing 10 mg of t3H]phen- 
cyclidine hydrochloride was recovered, which was slightly less than that 
recovered with the 5.8-sec interpuff interval. 


TLC Analysis-In the solvent systems used, either phenylcyclohexene 
ran with the solvent front or phencyclidine remained at  the origin. To 
ensure complete separation, the samples were chromatographed using 
two systems. The percentages of recovered radioactivity corresponding 
to phencyclidine and phenylcyclohexene were the same regardless of the 
TLC system employed. 


All of the condensates contained appreciable quantities of phenylcy- 
clohexene, which ranged from 37 to 54% of the recovered material (Table 
I). The percentage of phencyclidine converted to phenylcyclohexene 
increased somewhat as the quantity of phencyclidine was increased. Al- 
teration of puff frequency produced no change in the relative amounts 
of phencyclidine and phenycyclohexene recovered. Experiments also were 
carried out to determine whether there was a constant delivery of ra- 
dioactivity throughout the smoking process. Collection of smoke from 
the burning of the first third of the cigarette resulted in 16.3 f 1% of the 
total recovered radioactivity; the second third accounted for 31 f 5.6%, 
and the last third was 52.3 f 7.0% of the total recovered ( n  = 3/group). 
The total recovery of the added [3H]phencyclidine was 68 f 5%. 


Identification and Quantification by GLC-Mass Spectrome- 
try-To identify phencyclidine and its pyrolytic products, mass spectra 
of standard compounds were recorded. Piperidinocyclohexane carboni- 
trile was injected into the GLC-mass spectrometer where it was readily 
converted to piperidinocyclohex-1-ene (6), which had a retention time 
of 0.8 min. Piperidinocyclohex-1-ene had a base peak at  m/z  164 and 
abundant ions at m/z 150 (80% relative intensity), 136 (65%), and 122 
(39%). Phenylcyclohexene (retention time 0.9 min) had a molecular ion 
at  m/z 158 (75%) and a base peak at  m/z 129. The mass spectrum of 
phencyclidine (retention time 3.7 min) was similar to that reported 
previously (2) in that m/z  200 was the base peak and abundant ions were 
at  m/z  158 (57%), 129 (54%), and 91 (93%). 


Three smoke condensates were selected randomly for continuous 
GLC-mass spectrometric scanning. Phencyclidine and phenylcyclo- 
hexene were present in all three samples, and no other pyrolysis products 
were identified. These same three samples also were analyzed by sin- 
gle-ion monitoring. Ions m/z 129 and 200 were detected at the appropriate 
retention times for phenylcyclohexene and phencyclidine (Fig. 2), but 
there was no detectable m/z 164 for piperidinocyclohex-1-ene. For 
quantitative purposes, separate calibration curves were constructed for 
phencyclidine and phenylcyclohexene in the 50-500-nglpl concentration 
range by monitoring ions 200 and 129. The average ratio of phencyclidine 
to phenylclohexene in the three samples was 1.04 f 0.02 on a molecular 
basis, which was in good agreement with the TLC analysis. Since phen- 
cyclidine is labile in the gas chromatograph (2), phencyclidine standards 
were analyzed for degradation products. Less than 0.5% of the phency- 
clidine was converted to phenylcyclohexene under the GLC-mass spec- 
trometric conditions employed (Fig. 2). 


Recovery of Other Drugs of Abuse in Smoke-Placebo marijuana 
cigarettes ( n  = 3) spiked with [3H]-Ag-tetrahydrocannabinol were 
smoked, and 94 f 3% of the radioactivity was recovered in the first filter. 
Likewise, 73 f 1% (n = 3) of the radioactivity in tobacco cigarettes in- 


I! 
SWlICHlNG CIGARETTE 


VALVL 


H MOLDER 


FILIERS 


Figure 1-Smoking apparatus. 
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PHENCYCLIDINE SAMPLE 


DISCUSSION 


In cigarettes containing 3-50 mg of phencyclidine hydrochloride, an 
amount equivalent to that found in some street samples (7), -40% of the 
starting material was recovered from mainstream smoke. The pyrolysis 
product, phenylcyclohexene, was present in concentrations comparable 
to those of phencyclidine. Therefore, the percentage of both compounds 
delivered in mainstream smoke was independent of the quantity of 
phencyclidine present. Since formation of phenylcyclohexene involves 
loss of the piperidine moiety from phencyclidine, it would be reasonable 
to assume that equimolar concentrations of piperidine also are delivered 
in smoke. Alteration of the puff frequency had little effect on the quan- 
tities of phencyclidine and phenylcyclohexene evolved, indicating minor 
importance of this variable on smoke composition. 


This independence of smoke composition from the amount of drug and 
frequency of puffing suggests that illicit use of phencyclidine-containing 
cigarettes can be expected to yield amounts of phencyclidine and its 
pyrolysis product, phenylcyclohexene, similar to those found in this study. 
Also, the concentration of phencyclidine in mainstream smoke increased 


as the smoking period progressed, indicating that the drug condensed 
in the butt as smoking proceeded. This observation suggests that smokers 
are subjected to varying phencyclidine concentrations during the expo- 
sure period. 


The recovery of phencyclidine in mainstream smoke was somewhat 
lower than that found for two other drugs of abuse. However, the recov- 
eries of tetrahydrocannabinol and nicotine were higher than previously 
found (8,9). The higher recoveries reported may be due, at least in part, 
to the high capacity of the glass wool filter to trap smoke components. 
The short cigarette-filter trap distance used, which approximated the 
actual smoking situation, minimized drug adsorption on the smoking 
apparatus. Moreover, cigarettes were burned in their entirety since no 
data are available concerning butt size of phencyclidine cigarettes. Un- 
doubtedly, the length of cigarette that remains unsmoked varies con- 
siderably. The delivery of phencyclidine in smoke as reported in this 
study would be somewhat higher than the exposure to a smoker. 


The relevance of phenylcyclohexene and piperidine intoxication and 
toxicity due to phencyclidine smoking has yet to be determined. Little 
is known of the pharmacological effects or toxicity of these products to 
which phencyclidine abusers are exposed. Preliminary results show the 
acute lethality of phenylcyclohexene to be an order of magnitude less than 
that of phencyclidine in rats and mice (4). Likewise, the acute toxicity 
of piperidine in rats appears to be 10-fold less than that of phencyclidine 
(10). The pyrolysis and delivery in smoke will be important considerations 
for experimentation involving inhalation of phencyclidine by smoking. 
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Abstract A physiological pharmacokinetic model for methotrexate 
was refined and used to simulate serum methotrexate concentrations 
after high dose (5000 mg/m2) intravenous infusions with fixed normal 
values for all model parameters except the GI transit rate. There was good 
agreement between simulated and measured values when model simu- 
lations with the normal GI transit rate were compared to values measured 
following 109 doses administered to 27 patients with normal GI function. 
When model simulations were performed using GI transit rates repre- 
senting 75,50, and 10% of normal, there was a marked prolongation of 
the terminal serum methotrexate half-life, which was directly related to 
the reduction in the transit rate. When simulations were performed with 
GI transit reduced by 50%. the maximum amount of methotrexate in the 
GI lumen was 25% higher and occurred 4 hr later. Model simulations of 
serum methotrexate concentrations, using a GI transit rate reduced by 
50%, were also in good agreement with serum concentrations measured 
in two patients with partial GI obstruction. These data establish a 
pharmacokinetic basis for previous clinical observations indicating sus- 
tained serum methotrexate concentrations in patients with GI obstruc- 
tions and exemplify the utility of physiological pharmacokinetic models 
in assessing the potential effects of clinical variables on drug disposi- 
tion. 


Keyphrases Methotrexate-sustained serum concentrations in 
patients with GI obstruction, pharmacokinetics Pharmacokinetics- 
sustained serum methotrexate concentrations in patients with GI ob- 
struction 0 Model simulations-sustained serum methotrexate con- 
centrations in patients with GI obstruction, pharmacokinetics 


High dose methotrexate with leucovorin rescue is widely 
used as adjuvant therapy for osteosarcoma and in the 
treatment of acute leukemia, non-Hodgkin's lymphoma, 
head and neck carcinoma, and other solid tumors. How- 
ever, the administration of high dose methotrexate leu- 
covorin rescue carries with it the risk of severe toxicity, 
which may be fatal. A national survey (1) conducted prior 
to 1977 revealed a 6% incidence of mortality attributed to 
high dose methotrexate. For this reason, efforts have been 
made to identify factors that predispose to toxicity and to 
establish guidelines that reduce the risk of morbidity and 
mortality associated with high dose methotrexate 
therapy. 


Previous studies indicated that certain clinical charac- 
teristics such as renal dysfunction, dehydration, pleural 


effusions, and ascites (2-7) are associated with a higher risk 
of toxicity following high dose methotrexate leucovorin 
rescue, presumably due to delayed methotrexate plasma 
clearance. One study (6) reported slower methotrexate 
elimination from plasma of two patients who had GI ob- 
struction, in the absence of any previously described 
clinical features associated with delayed clearance. The 
present study was undertaken to establish the phar- 
macokinetic basis for sustained serum methotrexate con- 
centrations in patients with GI obstruction. 


EXPERIMENTAL 


Pharmacokinetic Model-The flow-limited physiological phar- 
macokinetic model of Bischoff et al. (8) (Scheme I) was used to simulate 
methotrexate concentrations in serum and tissues following high dose 
methotrexate intravenous infusions. Volume terms, flow rates, distri- 
bution ratios, rate constants, and transit times (Appendix) were those 
previously described by Bischoff et al. (8), unless otherwise stated. The 
volume terms and plasma flow rates were scaled to patient weight or body 
surface area by the equations shown in the Appendix, which were derived 
from previously published data (8,9). 


Previously published human studies (10-13) characterizing the renal 
clearance of methotrexate in patients with normal renal function es- 
tablished that the net renal clearance of methotrexate is serum concen- 
tration dependent. Glomerular filtration, tubular secretion, and tubular 
reabsorption are all components of methotrexate renal clearance (12), 
establishing the basis for saturable processes a t  high serum concentra- 
tions with the resulting lower net renal clearance. Therefore, net clearance 
probably is determined by both first-order (filtration) and saturable 
(secretion, reabsorption) processes. However, the rate constants ( VmaX 
and K M )  for tubular secretion and reabsorption of methotrexate have 
not been established in humans. Therefore, net renal clearance of 
methotrexate was calculated from the least-squares linear regression of 
net renal clearance on log serum Concentrations, using the published data 
summarized in Table I. The regression line was described by the equation 
c 1 R  (milliliters per minute per meter') = 92.0 - (13.8)(ln c,), where r2 
= 0.81. 


Secretion of 'methotrexate into bile from the liver was modified to 
represent a saturable process with V,, = 1000 jtg/min and KM = 5 
pg/ml. Therefore, the ratio of V,, to KM (200) was the same as that used 
by Bischoff et al. (8), but the differential equation permitted saturation 
of biliary secretion at high serum concentrations. As described in the 
original model-development work by Bischoff et al. (8), the biliary ex- 


1194 / Journal of Pharmaceutical Sciences 
Vol. 70, No. 11, November 1981 


0022-3549/81/1100-1194$01.00/0 
@ 198 1, American Pharmaceutical Association 







KO Table I-Net Renal Clearance of Methotrexate 


(AbR)  Gut 


Biliary Transit 
1 


t -------- 
MUSCLE 


‘s‘ Renal Clearance 
Urine 


Scheme I-Scheme of physiological pharmacokinetic model for 
methotrexate simulations (modified from Ref. 8). 


cretion parameter is a conjectural value to create the best fit to data from 
normal subjects. The assignment of V,, and KM values in the present 
study represents a conservative approach by limiting the maximum ve- 
locity of drug entry into the GI compartment. GI blood flow (QG) was 
reduced from 82% of liver blood flow (as used by Bischoff) to 66% of liver 
blood flow. This value is more physiological since only -80% of portal 
blood flow originates in the GI tract (14) and total portal blood flow is 
-82% of hepatic blood flow (i .e. ,  0.80 X 0.82 = 0.66). All other model 
parameters, including strong specific tissue binding constants, multi- 
compartment models of biliary transit and gut lumen transit, and zero- 
order gut absorption, were the same as previously described (8). 


A set of differential equations (Appendix) describing the mass balances 
of each model compartment was used to simulate the methotrexate 
concentration in each compartment as a function of time. These differ- 
ential equations were simultaneously solved by a numerical method using 
the Runge-Kutta (15) algorithm. 


Simulations of methotrexate serum and tissue concentrations were 
made using the previously described (“normal”) values for all model 
parameters except GI transit time. To assess the influence of GI ob- 
struction on serum disposition of methotrexate, model simulations were 
made using GI transit rates ( K f )  of 0.001, 0.00075, 0.0005, and O.OOO1 
min-’, representing 100,75,50, and 10% of the normal transit rate, re- 
spectively. All model simulations were for a 6-hr constant-rate intrave- 
nous infusion of 5000 mg of methotrexate/m2. 


For comparison, serum methotrexate concentrations measured fol- 
lowing 109 infusions administered to 27 patients (6-30-hr concentrations) 
and 38 infusions administered to 21 of these patients (36-78-hr concen- 
trations) are shown with model simulations. All of these patients had 
normal renal, hepatic, and GI function and had none of the previously 
described clinical features that predispose to toxicity. The clinical and 
laboratory evaluations of these patients were previously described in 
detail (6). Serum methotrexate concentrations measured in two patients 
with GI obstruction are also shown for comparison. The clinical and 
laboratory findings in these two patients were previously described (6). 
Both patients had partial small bowel obstructions secondary to tumor 
compression at the time of high dose methotrexate administration. 
Roentgenographic documentation of these GI obstructions is presented 
in Fig. 1. 


Methotrexate serum concentrations for all of these patients were de- 
termined in duplicate by at least two methods: a radioenzymatic assay 
using dihydrofolate reductase (New England Enzyme) and an enzyme 
immunoassay (SYVA). These assays were shown to produce results 
comparable to a high-pressure liquid chromatographic assay and to 


Net Renal Clearance, Mean Serum 
ml/min/m2 Concentration, pLM 


~ ~ ~ 


118 0.45a 
103 -0.26 
78 -1.oc 
65 10.0” 
59 -10.0d 


20-50 -100.0e 


a Evans et d. (unpublished data). Reference 12. Reference 11. Reference 
13. Reference 10. 


cross-react <4% with the major methotrexate metabolite, 7-hydroxy- 
methotrexate (16). 


RESULTS 


As shown in Fig. 2, there was good agreement between simulated and 
measured serum methotrexate concentrations in patients with normal 
renal, hepatic, and GI function, using normal model parameters. Figure 
2 also shows simulations with GI transit rates reduced by 25,50, and 9G%. 
These model simulations demonstrate a marked decrease in the rate of 
decline in serum concentrations beginning -24-30-hr postinfusion. The 
prolongation of methotrexate half-life during this time interval was di- 
rectly related to the reduction in the GI transit rate (Table 11). These 
simulations also demonstrate that the GI transit rate has little influence 
on serum methotrexate half-life during the first 24 hr postinfusion. This 
finding is not surprising since most methotrexate is eliminated uia renal 
clearance during this time interval and the amount of methotrexate 
undergoing enterohepatic circulation is relatively small. 


There was good agreement between serum methotrexate concentra- 
tions measured in the two patients with GI obstruction and model sim- 
ulations with the GI transit rate reduced by 50% (Fig. 3). 


The simulated amounts (milligrams) of methotrexate in the GI lumen 
at selected times postinfusion, calculated as: 


are summarized in Table I11 for model simulations using the normal GI 
transit rate and a transit rate reduced by 50%. As shown, the maximum 
amount of methotrexate in the GI lumen was -25% higher and occurred 
4 hr later when the GI transit rate was reduced by 50%. More importantly, 
the amount of methotrexate in the GI lumen declined more slowly when 
GI transit was reduced. By 48 hr, the amount of methotrexate was ap- 
proximately four times higher when the GI transit was reduced 50% and 
more than 10-fold higher by 96 hr. Moreover, the amount of methotrexate 
in the GI lumen at 72 hr (with reduced transit) was comparable to con- 
ventional (25 mg/m2) oral doses of methotrexate, although it represents 
<1% of the administered dose. 


DISCUSSION 


A previous study (6) suggested that GI obstruction could result in a 
prolonged serum methotrexate half-life following administration of high 
dose methotrexate. Since prolongation of methotrexate elimination places 
patients administered high dose methotrexate at increased risk for severe 
toxicity (6,7,17), it is important to establish the clinical variables that 
may alter methotrexate disposition. This has been done for clinical fea- 
tures such as renal dysfunction (11, la), pleural effusion (2,5), and ascites 
(5). Although an earlier report described (6) previous clinical observations 
of sustained serum methotrexate concentrations in patients with GI 
obstruction, the theoretical basis for these observations had not been 
established. 


In the present study, a previously described physiological phar- 
macokinetic model (8) for methotrexate disposition was used to assess 
the effect of the GI transit rate on methotrexate disposition. The original 
model assumes that methotrexate is not metabolized. However, subse- 
quent studies have established that methotrexate is metabolized to 7- 
hydroxymethotrexate and studies in this laboratory’ indicate that non- 
renal clearance of methotrexate in children is -15 ml/min/m2. Metabolic 
clearance was assumed to be negligible for the present study, and was the 
same for all model simulations (0 ml/min/m2). 


By using model parameters that were refined from the original model 


1 W. E. Evans et d., unpublished data. 
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Figure 1-Abdominal roentgenograms of the two patients with partial GI obstructions. Key: A, Patient 1,9 days prior to high dose methotrexate; 
B, Patient 1,6 days following methotrexate; C, Patient 2 ,2  days prior to high dose methotrexate; and D, Patient 2,19 days following methotrexate. 
Both sets of roentgenograms demonstrate partial GI obstruction during the evaluation period. 


(8), simulations were produced with all model parameters held constant 
except for the GI transit rate. These simulations demonstrated that 
greater amounts of methotrexate accumulate in the intestinal lumen 
when GI transit is reduced. The simulated amount of methotrexate in 
the GI lumen decreased more slowly when GI transit was reduced such 


that the amount in the lumen was more than 10-fold higher at 96 hr when 
transit was reduced by 50%. Moreover, the reduction of the GI transit rate 
and the resulting increased accumulation of methotrexate resulted in a 
prolongation of the terminal serum methotrexate half-life, which was 
directly related to the extent of reduction in GI transit. Model simulations 
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Table 11-Terminal Serum Half-Life of Methotrexate from 
1 o - ~  0 'Normal" Range Simulated Data 


10-5 GI Transit, min-' Half-Life, 
- Simulated Serum Conc 


(Percent of Normal) hr 2 
2 0.001 (100%) 8.4 
IT 0.00075 (75%) 9.8 
I- z lo-' 0.0005 (50%) 14.0 
w 0.0001 (10%) 39.0 
0 


questions await further study, as does the clinical significance of potential 
drug-induced alterations in GI motility. E lo-' 


1 o - ~  
I I I I I I 1 1 -  


APPENDIX 0 12 24 36 48 60 72 84 96 108 120 
HOURS 


Figure %-Simulation of methotrexate serum concentrations versus The symbols used are: 
time (solid line) by physiological pharmacokinetic model using normal 
GI transit rate and transit rate reduced by 25,50, and 90% from normal. 
Shaded area represents range of serum concentrations measured fol- 
lowing 109 doses administered to 27 patients (6-24-hr measurements) 
and 38 doses administered to 21 patients (25-78-hr measurements). 


with GI transit rate reduced by 50% were comparable to serum concen- 
trations measured in two patients with partial GI obstructions. 


These data indicate that the prolongation of serum methotrexate 
half-life produced by GI obstruction can result in serum methotrexate 
concentrations being sustained a t  cytotoxic levels beyond the period of 
conventional leucovorin rescue. These data also provide the theoretical 
basis for previously described (19) changes in methotrexate disposition 
in a patient with vincristine-induced ileus. The observed difference in 
simulated serum methotrexate concentrations when the GI transit rate 
was reduced 25% suggests that only a modest compromise in GI function 
could affect methotrexate disposition and provides a potential mecha- 
nism for other drug interactions. 


The importance of altered GI function for a drug such as methotrexate, 
which is eliminated <5% in the feces, is related to the fact that the high 
dosage of methotrexate administered (i.e.,  5000 mg/m2) produces serum 
concentrations (i .e. ,  M )  exceeding the minimum cytotoxic concen- 
tration (i .e. ,  M )  by -100,000-fold. Thus, perturbation of an ex- 
cretory pathway that eliminates only a small percentage of the admin- 
istered dose becomes important. Moreover, reduction in GI transit would 
result in a more localized accumulation of methotrexate presented to the 
GI lumen, which produces more rapid saturation of the limited absorptive 
sites and thereby prolongs reabsorption. Thus, fecal elimination is re- 
tarded and reabsorption is delayed, resulting in sustained serum meth- 
otrexate concentrations. 


The importance of the actual site of GI obstruction was not addressed 
in the present study, which assumed a consistent reduction in transit rate 
throughout the GI tract. I t  is conceivable that partial or complete ob- 
struction in the upper portion of the small bowel might result in a greater 
localization of methotrexate (uersus colonic obstruction), while complete 
obstruction at  any site may lead to other clinical complications that could 
alter methotrexate disposition (i.e.,  vomiting, malnutrition, etc.). These 


"Normal" Ronge - Simulated Serum Conc 
with 50% Decrease in  
GI Transit Rote 
( K F =  0005 min - l l  


mo Measured Conc in two 
Patients with GI Obstruction 


AbR = absorption rate, micrograms per minute 
aR = strong specific binding, micrograms per gram 


C = concentration, micrograms per milliliter or 
micrograms per gram 


C ~ R  = renal clearance, milliliters per minute 
K f  = transit rate in gut lumen, minute-' (reciprocal of 


transit time) 
K M  = Michaelis-Menten constant, micrograms per milliliter 


Kqt )  = drug infusion rate, micrograms per minute 
Q = plasma flow rate, milliliters per minute 
R = tissue-to-plasma equilibrium distribution ratio for 


linear binding 
r = drug transport rate in bile, micrograms per minute 
t = time, minutes 


V = volume, milliliters 
VmaX = maximum rate of saturable process, micrograms per 


minute 
W t  = body weight, kilograms 


T = nominal residence time in bile transit 
subcompartments, minutes 


The subscripts used are: 
G = GI tissue 


GL = gut lumen 
K = kidney 
L = liver 
M = muscle 
P = plasma 


1 , 2 , 3 , 4  = gut lumen or bile subcompartments 


The differential equations for the physiological model are as fol- 


For plasma: 
lows. 


(Eq. A l l  
For kidneys: 


For the liver: 


(Eq. A3) 
For muscle: 


I I I I I I 
0 12 24 36 48 60 72 84 96 108 120 


HOURS 
Figure 3-Simulations of methotrexate serum concentrations versus 
time (solid line) by physiological pharmacokinetic model when GI 
transit rate is reduced by 50% from normal. Shaded area is as described 
in Fig. 2. 


For GI tissue: 


(Eq. A4) 
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Table 111-Amount of Methotrexate Accumulated in GI  Lumen 
from Simulated Data for 1.0-m2 Patient 


GI Transit Rate, min-’ 
0.001 0.0005 


Hours (Normal), mg (50% Normal), mg 


Peak” 444 
24 319 
A8 87 _- 
72 
96 


5 
0.7 


553 
496 
148 
36 


8 


Sixteen hours for normal GI transit and 20 hr for 50% reduced GI transit. 


For 


(Eq. A6a) 


(Eq. A6b) 


(Eq. A6c) 


(Eq. A 6 4  dCcL4 = 4KjVc~(Ccr ,~ - C G L ~ )  - AbRcL, 
dt VGL 


The gut absorption rate is given by 


The biliary transit rate is given by: 


d t  7 


Renal clearance is given by: 


C ~ R  = BSA92.0 - (13.8) (In Cp) 


where: 


V,,,, = 1000 @g/min 
KML = 5 p g h l  


V,,,,, = 1900 Fg/min 
KnnGL = 200 fig/ml 


7 = 10 
RK = 3.0 
RG = 1.0 
RL = 3.0 
RM = 0.15 ... 


0.3 
aRK = RK + - 


CP 


0.4 
QRL = RL + - 


CP 
Kj = 0.001 min-’ (normal value) 


Volume equal: 


Vp = 44 - Wt0.99 (plasma) 


VK = 7.5. Wt0.85 (kidneys) 


(Eq. A8a) 


(Eq. A8b) 


(Eq. A8c) 


(Eq. A9) 


(Eq. AlOa) 


V,  = 34 - W60.87 (liver) 


VG = 49. Wt0.94 (GI) 


(Eq. AlOc) 


(Eq. AlOd) 


(Eq. Aloe) 


(Eq. AlOf) 


VGL = 49. Wt0.94 (GI lumen) 


VM = 500. Wt (muscle) 


where V is in milliliters and Wt is in kilograms. 
Organ plasma flow equals: 


(Eq. Alla)  QK = 24.5 - Wtn.”92 (kidneys) 


QL = 29.96 Wt0.767 (liver) (Eq. A l l b )  


QG = 0.66 - Qr. (GI) (Eq. A l l c )  


QM = 18.17 - Wt0.738 (muscle) (Eq. A l l d )  


where Q is in milliliters/minutes and Wt is in kilograms. 
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COMMUNlCA TlONS 


Approximation in Point-Area Deconvolution 
Algorithm as Mathematical Basis of 
Empirical Instantaneous Midpoint-Input 
Deconvolution Method 


Keyphrases Point-area deconvolution algorithm-compared with 
instantaneous midpoint-input deconvolution method, drug absorption, 
calculation for in uiuo drug input functions 0 Drug ahsorption-point- 
area deconvolution algorithm compared with instantaneous midpoint- 
input deconvolution method Pharmacokinetics-point-area decon- 
volution algorithm compared with instantaneous midpoint-input de- 
convolution method, calculation for in uiuo drug input functions 


To the Editor: 
Recently, Chiou (1) presented an empirically based 


deconvolution method for the determination of in uiuo 
drug absorption, without reference to the point-area de- 
convolution algorithm (2). However, this empirical algo- 
rithm is equivalent to the point-area method when the 
analytical integration of the characteristic response is 
approximated by a rectangular function. Such an ap- 
proximation to a defined integral can result in an unstable 
algorithm. 


In the present communication, the relationship between 
the empirical method of Chiou (1) and the point-area de- 
convolution method (2) is derived, and the instability of 
the former method is demonstrated. 


Define the plasma drug concentration-time function, 
G ( t ) ,  obtained after a unit drug impulse input (e .g . ,  in- 
travenous bolus or oral solution) as the characteristic re- 
sponse of the body. Assume the body acts as a time-in- 
variant linear system to drug input. Under the latter as- 
sumption, the plasma drug concentration-time function, 
R ( t ) ,  obtained after some arbitrary drug input, I n ( t ) ,  into 
the body is defined by the convolution of the input func- 
tion and the characteristic response. Thus, given R ( t )  and 
G ( t ) ,  the input function, Zn(t) ,  can be defined by decon- 
volution of 


R ( t )  = J h ( t  - 7 ) G ( t )  d 7  (Es. 1) 


However, if R ( t )  is sampled only at  a set of time points 
p L  (i E 0,1,2, . . . , po = 0, pi+ 1 > p i ,  p 1  b 0), the analytical 
function R ( t )  is not defined. The deconvolution of R ( p i )  
and G ( t )  to obtain I n ( t )  is an ill-defined problem since the 
convolution of a number of input functions with G ( t )  will 
generate the observed responses, R (pi). Consequently, 
deconvolution must be based on some logical algorithm 
that assumes some functional form for either R ( t )  or the 
input function (2-5). In particular, a staircase input 
function can always be derived such that the convolution 
of this function with G ( t )  generates the observed re- 
sponses, R ( p i ) .  The latter is the point-area deconvolution 
method (2). 


For a staircase input function into a time-invariant 
linear system, the responses, R ( p i ) ,  are given by: 


where R(p0)  = 0, KO = 0, and K, ( i  E 1,2, . . .) is the mag- 
nitude of a step of duration (.p, - p L - l )  in the staircase 
input function. The cumulative input in any interval, (p, 
- p , - ~ ) ,  is K, (p ,  - p1- l ) ,  which is given by Eq. 2 as: 


R ( p l )  - '5' K f  J P ' - p J - l G ( t )  d t ) ] h  - ~ ~ - 1 )  [ f=1( Pt-PJ 
KI(P,  - PPl)  = 


i p - - l  G ( t )  dt 


(Eq. 3) 


If the integrals of G ( t )  are approximated by rectangular 
functions centered about the midpoint of the integration 
interval, then: 


G ( t )  dt  N (p f  - pl-l)G 


Using the approximations of Eq. 4 in Eq. 3 gives: 
1-1 


R(P1) - CrC,(P] - P 1 - M  
1=1 


Kl(P, - P,-1) = 


(Eq. 5) 


Substituting f j  = Kj(p j  - pj-1) into Eq. 5 gives: 


where f i ( i  E 1,2, . . .) is the fraction of the dose absorbed 
in the time interval (pi - p i - l ) ,  and Z:=, f j  is the cumu- 
lative drug input a t  time point pi. 


The deconvolution algorithm specified by Eq. 6 is 
equivalent to the empirical algorithm specified by Chiou 
(1) and is simply an approximation to the point-area 
method (2). The point-area deconvolution method is a 
correction and rationalization of a convolution method 
described by Rescigno and Segre (6). In the latter algo- 
rithm, the integrals of G ( t )  are approximated by rectan- 
gular functions centered about the midpoint of integration. 
Consequently, the new algorithm of Chiou (instantaneous 
midpoint-input method) is a restatement of a previously 
known algorithm. 


Provided the approximations specified by Eq. 4 are 
reasonable, Eqs. 3 and 6 should give essentially similar 
results when applied to the determination of i n  uiuo drug 


Table I-Comparison of the Theoretical and Calculated 
Cumulative Drug Input for a Zero-Order Lidocaine Infusion 


Cumulative Drug Input, mg 
Calculated b? 
Instantaneous 


Hours wdml Theoretical Input Method 
R k ) ,  Midpoint- 


0.8314 55.8 69.54 (24.62)" 0.5 
1.0 1.1884 111.6 132.22 (18.48) 
1.5 1.4720 167.4 192.74 (15.14) 
2.0 1.7037 223.2 252.58 (13.16) 


1.8929 279.0 312.21 (11.90) 2.5 


a Number in parentheses is the percent deviation from the theoretical value. 
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input. This is true for the examples involving exponential 
drug input functions cited by Chiou (Tables I-IV in Ref. 
1). Since the point-area method defines a staircase input 
function, the method gives exact results for zero-order 
absorption rates. Consequently, the examples cited by 
Chiou for zero-order absorption (Tables VI and VII in Ref. 
1) simply reflect the degree of accuracy of the approxi- 
mations, specified by Eq. 4, for the particular characteristic 
responses used in the examples. When the approximations 
of Eq. 4 are invalid, the instantaneous midpoint-input 
method gives erroneous cumulative drug input functions. 
As an example, consider the plasma concentrations (mi- 
crograms per milliliter) of lidocaine after a l-mg iv bolus 
as the characteristic response, where G (t) = 0.0276e-0.123t + 0.0084e-0.00673t and the units o f t  are minutes. 


Apply the instantaneous midpoint-input deconvolution 
method to the plasma drug concentrations that would re- 
sult from a l.86-mg/min constant intravenous infusion of 
lidocaine. The results of applying this method are given 
in Table I. This example illustrates the large errors that 
can result by approximating integrals by rectangular 
functions. The point-area method gives exact results for 
this example (Table I). 


In conclusion, the instantaneous midpoint-input 
method is an approximation of the point-area method. 
The use of approximations in the latter method can result 
in large errors in the cumulative drug input functions, and 
such unnecessary approximations should be avoided. 


(1) W. L. Chiou, J .  Pharrn. Sci., 69,57 (1980). 
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83 (1980). 


New York, N.Y., 1966, pp. 189-195. 
D. P. Vaughan 
School of Pharmacy 
Sunderland Polytechnic 
Sunderland, Tyne and Wear 
United Kingdom 


Received November 10,1980. 
Accepted for publication December 3,1980. 


Stability of Nitroglycerin Ointment 


Keyphrases Nitroglycerin-stability of ointment a t  elevated tem- 
peratures Vasodilators-stability of nitroglycerin ointment at elevated 
temperatures Stability-nitroglycerin ointment a t  elevated temper- 
atures 


To the Editor: 
Topical nitroglycerin therapy offers a longer duration 


of action than sublingual administration and thus is pop- 
ular as a prophylactic treatment for angina pectoris (1,2). 
Previous studies indicated that the potency of nitroglyc- 
erin tablets may be affected by the environment in which 
the tablets are stored (3,4). It also was demonstrated that 
nitroglycerin in solutions for intravenous use interacts with 
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MINUTES 
Figure l--(Left) Chromatogram of an aqueous solution of nitroglycerin 
and the two dinittoglycerins. Key: 1, 1,3-dinitroglycerin; 2, 1,e-dini- 
troglycerin; and 3, nitroglycerin. (Right) Chromatogram of an octanol 
extract of nitroglycerin ointment. Key: 1, unknown interfering peak; 
2, unknown interfering peak; and 3, nitroglycerin. 


plastic infusion bags and intravenous giving sets (5, 6), 
resulting in decreased availability of nitroglycerin. Since 
we are unaware of any report on the stability of nitro- 
glycerin ointment during storage, we evaluated the sta- 
bility of nitroglycerin ointment capsules stored at elevated 
temperatures for extended periods. 


Capsules from unopened bottles of nitroglycerin (3% 
w/w) ointment capsules1 were stored on individual glass 
dishes in an oven at  37 f 1’ and in the original glass bottle 
a t  room temperature (20-24’) in the dark. Capsules were 
removed from storage after 5,10, and 18 weeks and were 
assayed for nitroglycerin content as follows. Each capsule 
was cut open, the ointment was removed completely, and 
its weight was recorded. The nitroglycerin then was ex- 
tracted from the ointment by vortexing with 5 ml of octa- 
no1 for 10 min and centrifuging at 3000 rpm for 10 min. 
This method achieved >96% extraction of nitroglycerin. 


The extract then was diluted with methanol before assay 
using kinetic (7) and high-performance liquid chromato- 
graphic (HPLC) methods (8). Standard curves for the two 
methods were constructed by adding known amounts of 
nitroglycerin, standardized by the method of Dean and 
Baun (9), to octanol, which then was diluted in methanol 
to  give appropriate concentrations for analysis. In four 
determinations of six different nitroglycerin concentra- 
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input. This is true for the examples involving exponential 
drug input functions cited by Chiou (Tables I-IV in Ref. 
1). Since the point-area method defines a staircase input 
function, the method gives exact results for zero-order 
absorption rates. Consequently, the examples cited by 
Chiou for zero-order absorption (Tables VI and VII in Ref. 
1) simply reflect the degree of accuracy of the approxi- 
mations, specified by Eq. 4, for the particular characteristic 
responses used in the examples. When the approximations 
of Eq. 4 are invalid, the instantaneous midpoint-input 
method gives erroneous cumulative drug input functions. 
As an example, consider the plasma concentrations (mi- 
crograms per milliliter) of lidocaine after a l-mg iv bolus 
as the characteristic response, where G (t) = 0.0276e-0.123t + 0.0084e-0.00673t and the units o f t  are minutes. 


Apply the instantaneous midpoint-input deconvolution 
method to the plasma drug concentrations that would re- 
sult from a l.86-mg/min constant intravenous infusion of 
lidocaine. The results of applying this method are given 
in Table I. This example illustrates the large errors that 
can result by approximating integrals by rectangular 
functions. The point-area method gives exact results for 
this example (Table I). 


In conclusion, the instantaneous midpoint-input 
method is an approximation of the point-area method. 
The use of approximations in the latter method can result 
in large errors in the cumulative drug input functions, and 
such unnecessary approximations should be avoided. 
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To the Editor: 
Topical nitroglycerin therapy offers a longer duration 


of action than sublingual administration and thus is pop- 
ular as a prophylactic treatment for angina pectoris (1,2). 
Previous studies indicated that the potency of nitroglyc- 
erin tablets may be affected by the environment in which 
the tablets are stored (3,4). It also was demonstrated that 
nitroglycerin in solutions for intravenous use interacts with 
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Figure l--(Left) Chromatogram of an aqueous solution of nitroglycerin 
and the two dinittoglycerins. Key: 1, 1,3-dinitroglycerin; 2, 1,e-dini- 
troglycerin; and 3, nitroglycerin. (Right) Chromatogram of an octanol 
extract of nitroglycerin ointment. Key: 1, unknown interfering peak; 
2, unknown interfering peak; and 3, nitroglycerin. 


plastic infusion bags and intravenous giving sets (5, 6), 
resulting in decreased availability of nitroglycerin. Since 
we are unaware of any report on the stability of nitro- 
glycerin ointment during storage, we evaluated the sta- 
bility of nitroglycerin ointment capsules stored at elevated 
temperatures for extended periods. 


Capsules from unopened bottles of nitroglycerin (3% 
w/w) ointment capsules1 were stored on individual glass 
dishes in an oven at  37 f 1’ and in the original glass bottle 
a t  room temperature (20-24’) in the dark. Capsules were 
removed from storage after 5,10, and 18 weeks and were 
assayed for nitroglycerin content as follows. Each capsule 
was cut open, the ointment was removed completely, and 
its weight was recorded. The nitroglycerin then was ex- 
tracted from the ointment by vortexing with 5 ml of octa- 
no1 for 10 min and centrifuging at 3000 rpm for 10 min. 
This method achieved >96% extraction of nitroglycerin. 


The extract then was diluted with methanol before assay 
using kinetic (7) and high-performance liquid chromato- 
graphic (HPLC) methods (8). Standard curves for the two 
methods were constructed by adding known amounts of 
nitroglycerin, standardized by the method of Dean and 
Baun (9), to octanol, which then was diluted in methanol 
to  give appropriate concentrations for analysis. In four 
determinations of six different nitroglycerin concentra- 
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Table I-Percentage of Nitroglycerin in  Ointment Capsules 
Stored at 37" for 18 Weeks 


Percent Content (Mean f SE, n = 5 )  
Kinetic HPLC 


Weeks Assay Assay 


0 3.24 f 0.06 3.19 f 0.11 
5 3.18 f 0.10 3.23 f 0.08 


10 3.17 f 0.12 3.20 f 0.10 
18 3.22 f 0.05 3.19 f 0.09 


tions, the correlation coefficient of results obtained by the 
two methods was 0.988. 


Unfortunately, the HPLC method and the other pre- 
viously reported high-pressure liquid chromatographic 
method (10) were not specific for glyceryl dinitrates due 
to  the presence of unknown interfering peaks from the 
ointment extract (Fig. 1). No reduction in size of the in- 
terfering peaks was achieved by using other organic sol- 
vents (hexane, ether, and methanol) to extract the oint- 
ment. The relative height of these peaks did not change 
over time. It was established by TLC separation (11) prior 
to HPLC analysis that the amount of glyceryl dinitrates 
present in the ointment was negligible. Triacetin, which 
is used as a solvent for nitroglycerin in some preparations, 
cochromatographed with glyceryl1,2-dinitrate using the 
method of Crouthamel and Dorsch (8). 


No loss of nitroglycerin was found after storage of in- 
dividual capsules for 18 weeks at  37' (Table I). The 
amount of the dinitrates present in the ointment was 
negligible throughout the study. 


The good stability of nitroglycerin in the ointment for- 
mulation tested is consistent with a high affinity of nitro- 
glycerin for the lipophilic ointment base and a low affinity 
for the gelatin capsule in which the ointment is presented. 
In contrast, the availability of nitroglycerin from aqueous 
solutions infused from plastic infusion bags through giviQg 
sets is reduced due to the high affinity of nitroglycerin for 
the plastic (12). 
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Comparison of Plasma and  Urine Analyses for 
Thiazides in Bioavailability/Bioequivalence Study 


Keyphrases 0 Thiazides-plasma uersus urine analysis in bioavail- 
abilityhioequivalence study 0 Bioavailability-thiaides, plasma versus 
urine analysis 0 Bioequivalence-thiazides, plasma versus urine analysis 
0 Diuretics-thiazides, plasma uersus urine analysis in bioavailabilityl 
bioequivalence study 


To the Editor: 


Thiazides are widely used as diuretics in the treatment 
of hypertension. In the recent proposal (1) for bioavail- 
abilitylbioequivalence requirements, the thiazides were 
identified as having potential bioequivalence problems. 
To ensure bioequivalence of thiazide products, both in 
uitro dissolution and in uiuo bioavailability requirements 
were proposed. The in uiuo requirements call for bio- 
availability studies in humans and comparison of blood 
level and/or urinary excretion profiles of the drug with a 
standard reference product. I t  is generally assumed that 
blood (or plasma or serum) level measurements give a 
better assessment of bioavailability and bioequivalence 
than urinary measurements because of complicated 
pharmacokinetic considerations such as drug metabolism 
and urine collection problems. 


It is sometimes argued that the presence of drug in the 
blood is not a real estimate of the drug availability at the 
site of action but only an estimate of drug bioavailability. 
It is preferable to determine the amount of drug at the site 
of action or to measure therapeutic effect, but these two 
procedures are generally not feasible. Thiazide diuretics 
are weak carbonic anhydrase inhibitors that enhance the 
renal excretion of sodium and chloride ions and an ac- 
companying volume of water, thereby causing diuresis. 
This therapeutic effect is due to inhibition of ion reab- 
sorption in the distal tubule. Thiazides are primarily ex- 
creted unchanged in urine by active secretion in the 
proximal tubule (2). Thus, from a pharmacological and a 
therapeutic viewpoint, measurement of the urinary ex- 
cretion of the drug appears to be a logical choice in lieu of 
measurement in blood for the assessment of bioavailability 
of a diuretic dosage form. 


Previous work on chlorothiazide and hydrochlorothia- 
zide suggested that urinary level measurements give ade- 
quate information for bioavailabilitylbioequivalence as- 
sessment (3,4). Figure 1 shows the amount of drug elimi- 
nated in the urine (AE)  and the area under the curve 
(AUC) in the same subjects for various thiazides. For hy- 
drochlorothiazide, -34% of the administered drug was 
recovered in 0-12-hr urine samples a t  all dose levels (100, 
50, and 25 mg), thus suggesting a dose-response relation- 
ship. As expected, the amount of drug in urine decreased 
with a decrease in hydrochlorothiazide administration, but 
the AUC did not correspond and correlate with the AE 
values (Subjects 2 and 3, Fig. 1A). Earlier data (5) for hy- 
drochlorothiazide showed no relationship between the 
AUC and AE (Fig. lB), between the AUC and product 
bioavailability, or between C,,, and dose administered or 
bioavailability. 


A preliminary study using chlorothiazide products 
showed that, although approximately the same amount of 
drug was excreted in 48 hr from subjects administered 250- 
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Abstract In tablet compression, a force, F,  is exerted on a punch 
penetrating into a tablet die. For a stationary bottom punch, the force 
on the upper punch is a function, F = f ( x ) ,  of penetration and this value 
was previously determined empirically. Since differential energy is force, 
f ( x ) ,  multiplied by distance, dx,  the integral J f ( x ) d x  between limits 
should give the energy input into the tablet. The integral yields an ex- 
pression where energy input is a linear function of the logarithm of the 
maximally applied pressure, F*, a fact substantiated by the data pre- 
sented. 


Keyphrases 0 Tablet compression-energy relations, polymeric ma- 
terials and granulations Energy relationships-tablet compression, 
polymeric materials and granulations Parmentier-Fuhrer equa- 
tion-energy relations in tablet compression, polymeric materials and 
granulations 


Many tablet properties (hardness, disintegration, dis- 
solution, and thickness) are a function of the pressure at  
which the tablets are made, which essentially is the max- 
imum pressure in the compression cycle. The energy input 
into the tablet is a more logical parameter for correlation 
with tablet properties but is less easily derived. The intent 
of this study was to obtain the pertinent correlations be- 
tween the maximally applied pressure during the com- 
pression cycle and the energy imparted to the tablet in the 
compression step. 


EXPERIMENTAL 


The tablet compositions listed in Table I were used. The polymers were 
polyvinyl alcohol', polyvinyl chloride2, and a copolyme3 of the two. Their 
respective particle sizes were 250-400 pm, <5 pm, and 80-125 pm. The 
three polymers were compressed first without additives and then as a 
granulation with the following composition: 20% diphenhydramine hy- 
drochloride, 50% polymer, 1.5% povidone, and a quantity of tribasic 
calcium phosphate, qs. In the last three formulas listed, the polymer 
quantity was varied (to 60 and 7070) and the amount of tribasic calcium 
phosphate was reduced. 


The granulations were made by mixing the tribasic calcium phosphate 
and the polymer and granulating with a 3.75% solution of povidone in 
isopropanol, except in one case where methylene chloride was used. The 
alcohol-wet granulations were dried in a small fluid bed drier4 for 20 min 
at 60" and then were passed through an oscillating granulator through 
a 1-mm opening. The mesh fraction between 200 and 800 pm was ob- 
tained by sieving and was used for compression. Compression was carried 
out on a single-punch tablet machine5 equipped with strain gauges for 
measuring upper and lower punch pressures and punch displacement. 
Compressions then were effected at a speed corresponding to one-sixtieth 
of a second per cycle, with upper punch pressures, P,  of approximately 
2,3, 4,5, and 6 tons, accurately monitored; 12-mm flat-faced punches 
were used. 


RESULTS AND DISCUSSION 


In a tablet operation, powder first is introduced into the tablet die in 


Rhodopas H, Rhone-Poulenc, France. * Pevikon 637P Seppic, Paris, France. 
lSPVAh5PVd, Solvic, Solvay, France. 
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Table I-Compounds Used and Least-Squares Fit Parameters 
from Fitting Areas of Energy Loop to Eq. 8 


Correlation Slope, Intercept, Fo X 
Formula Coefficient Fob -FoblnFo N 


~ ~~ 


Polyvinyl chloride 
Polyvinyl chloride + excipients" 
Polyvinyl alcohol 
Polyvinyl alcohol + excipients 
Polyvinyl alcohol- 


polyvinyl chloride 
copolymer 


Copolymer (50%) + excipients 
Copolymer (60%) + excipients 
Copolymer (70%) + excipients 
Copolymer (50%) + excipients + methylene 


chloride 


14.6 -126 
0.991 20.2 -182 


0.99 25.0 -226 
15.9 -141 


0.97 21.3 -196 


0.995 


0.98 


0.99 18.8 -168 


0.98 16.5 -144 


0.96 25.5 -234 


0.96 19.1 -170 


5.35 
8.21 


8.63 
7.02 


10.1 


7.61 


6.21 


9.58 


7.68 


~~ 


Excipients denote presence of diphenhydramine, povidone, and tribasic calcium 
phosphate; granulated with isopropanol unless otherwise stated. 


loose packing (Fig. l a )  since it flows into the die and simply attains its 
cascaded density. Ideally, the penetration, x ,  of the upper punch starts 
a t  this point, denoted x = -a (Fig. 2). The particles then rearrange to 
their closest packing (Fig. lb) ,  after which they are deformed elastically 
by further penetration of the upper punch. A t  a particular point ( x  = 0 
in Fig. 2), the limit of elasticity is reached. From x = --a to x = 0, the force, 
F, exerted by the upper punch is assumed here to be proportional to x 
(although this assumption is not crucial). 


At  x = 0, the force has achieved a value of Fo; i.e., up to the elastic limit, 
one may write: 


(Eq. 1) 


Beyond the elastic limit (1-101, substantial amounts of work, A ,  are re- 
quired for further penetration of the upper punch, and particle fracture 
and/or plastic deformation take place (Fig. lc) .  The deepest penetration 
is denoted x = q (Fig. 2). 


Parmentier (1) and Fuhrer (2) suggested a force-displacement rela- 
tionship that is hyperbolic; if it is confined to the x 2 0 region, it may be 
expressed as follows: 


F = F ' / ( b - x )  O s x < b  (Eq. 2) 


F = Fo(x + Q ) / Q  -a 2 x 2 0 


where F' is a constant and b is an upper limit for x .  It then follows 


I IF,[ 
a C 


Figure 1-The three basic steps in  the tableting process: filling of die 
at cascaded density fa), rearrangement (b), and situation after plastic 
deformation andlor brittle fracture (c). 
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DISPLACEMENT 
Figure %-Schematic of force-displacement cycle, F = f(x). 


that: 


F' = Fob (Eq. 3a) 


F = Fob/(b - X )  (Eq. 3 6 )  


The largest applied force, F* (corresponding to x = q) ,  is given by: 


F* = Fob/(b - 9) (Eq. 4) 


The ideal graph then is as shown in Fig. 2. A typical experimental F versus 
x plot is shown in Fig. 3. 


In relating such data to the Parmentier-Fuhrer equation (Eq. 2), it is 
noted that the value of b is not known and the data in Fig. 3b are in the 
form: 


In F = -Q In ( b  - x )  + P (Eq. 5) 


where Q and P are constants. If Eq. 2 holds, then Q should equal -1. A 
best value of b can be found by iteration as the value giving the least sum 


RECORDED DISPLACEMENT, mm 
Figure 3-Force-displacement cycle of granulation of polyvinyl ace- 
tate-polyvinyl chloride copolymer (50%) plus excipients. Compression 
maximum is 5 tons. 


Table 11-Data in  Fig. 3 Treated According to Eq. 5 


F, 1nF X In ( b  - x )  


mm N y 6.7 6.5 6.45 6.55 6.6 6.9 
x ,  10-4 10-4, b = b = b = b = b = b = 


~ 


3.65 0.28 -1.27 1.05 0.98 0.96 0.99 1.01 
5.50 1.4 0.34 0.18 0 -0.05 0.05 0.095 
5.95 2.28 0.82 -0.29 0.60 -0.69 -0.51 -0.43 
6.3 3.44 1.24 -0.92 -1.61 -1.90 -1.39 -1.20 
6.35 4.48 1.50 -1.05 -1.90 -2.30 -1.61 -1.39 
( n  - 2)s2,, 0 0.21 0.42 0.54 0.26 0.29 
Slope a -1.25 -0.89 -0.77 -0.99 -1.08 
Intercept 0.27 -0.03 -0.09 0.04 1.11 
Correlation -0.98 -0.95 -0.94 -0.96 -0.97 


coefficient 


1.12 
0.34 


-0.05 
-0.51 
-0.60 


0.68 
-1.08 


0.42 
-0.93 


Sum of deviations squared, i .e. ,  (n - Z)s& = B(y - j92 - d(Z1.x - 


of squares of In F regressed on In ( b  - x ) .  This procedure is shown in 
Table I1 for the data of the type shown in Fig. 3. It is noted from Table 
I1 that the sum of squares is not exceedingly sensitive to the chosen value 
of b ;  i.e., there is a broad minimum in the value of the sum of squares for 
b values ranging from 6.45 to 6.7. The data treated according to Eq. 5 are 
shown graphically in Fig. 4. Based on the best-fit criteria, it would be 
somewhat difficult to choose one b value over another in this range; what 
is important is that the range entails the slope Q = -1, which is the one 
dictated by Eq. 2. 


The experimental zero point for x is chosen judiciously but nevertheless 
arbitrarily. However, since the value of b is obtained by iteration, this 
fact does not matter. If x' = 0 is chosen where x is actually 2, then b by 
iteration also would increase by a value of 2 ,  and ( b  - x )  would have the 
same value as if x had been accurately chosen. 


The value of b is related to (but not identical to) the true density, p, 
of the nonporous solid composition. True correspondence would exist 
if p were pressure independent; however, p is a function of F.  


In compression (Figs. l b  and lc), the work, A, done by the upper punch 
as it moves an infinitesimal distance, dx, against the powder mass is given 
by: 


d A  = F d x  (Eq. 6) 


The total work (energy imparted to the tablet during the compression 
step but excluding the decompression step) then is obtained by inte- 
gration from zero to x = q ,  i.e.: 


Introducing Eqs. 3b and 4 gives: 


A = Fob In F* - Fob In Fo (Eq. 8) 


As mentioned earlier, due to the floating nature of b ,  Eqs. 7 and 8 are 
independent of the experimental choice of x = 0. 


Equation 8 predicts that a plot of the energy, A, as a function of In F 
should be linear and that the ratio of the slope to the intercept should 
be -In Fo. These energies were obtained as the areas under the curves 
of the type shown in Fig. 3. The data are indeed linear, as shown in Fig. 
5, and the least-squares fit values of all formulas tested are shown in Table 


I I I I 
-2 - 1  0 1 


In (b - x ) ,  mm 
Figure 4-Data in Fig. 3 (upper curue) treated according to Eq.  5.  
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Figure 5-Areas from plots of the type in Fig. 3 at  six different pres- 
sures, plotted as a function of maximal pressure according to Eq. 6. 


I. The last column gives the Fo value that is the smallest force necessary 
for actual displacement beyond the rearrangement step. It is seen from 
Table I that, for example, for “excipient + copolymer (50%)” (the case 
shown in Fig. 3), Fob In Fo = 168 J and Fob = 18.8 J. In other words, In 
Fo = 168h8.8 = 8.94, or Fo = 6610 N. This value corresponds to an or- 
dinate of 0.66 in Fig. 3, which corresponds to a “recorded” abscissa value 
(with arbitrary zero) of 4.5 mm. 


Since Fob = 18.8, it follows that b = l8.8/Fo = 0.0028 m = 2.8 mm. 
Hence, in Fig. 3, the final asymptote would be at a recorded abscissa value 
of 4.5 + 2.8 = 7.3 mm (again recalling that the zero is somewhat arbitrary). 
At  this point, the distance between the upper and lower punch would be 
2.4 mm6. If the solid achieves its true density a t  b, then the true density 
can be deduced. The die has a diameter of 12 mm; i.e., the volume be- 
tween the upper and lower punch is equal to [?r (1.22/4) 0.241 = 0.27 cm3. 


~ ~ 


6 This value is obtained from knowledge of the lower punch position in relation 
to the arbitrary zero and does not account for possible compression of the pre- 
sumably static lower punch. 


The weight of the solids is 500 mg, so the true density would have a value 
of 0.5/0.27 = 1.84 g/cm3, which is reasonable. Since compression can 
possibly (and presumably does) produce densities that are higher than 
the true densities a t  atmospheric pressure, the calculated figure only has 
interest in that it is of a reasonable magnitude. Furthermore, Eq. 8 deals 
with the energy input and assumes that the relaxation trace in Fig. 3 (the 
recovery) is vertical. This approximation becomes poorer the more pro- 
nounced the recovery after upper punch release. 


SUMMARY 


The present study shows that the Parmentier-Fuhrer equation for the 
value of the upper punch force as a function of displacement is useful and 
can be used to deduce mathematically energy versus maximum force 
relationships for energy input. These relationships were validated ex- 
perimentally. The plots provide an estimate of the point in the dis- 
placement of the upper punch where the powder or granulation was 
rearranged to its closest packing. 
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Abstract 0 A series of 20 mevalonic acid analogs was synthesized and 
tested for their ability to inhibit cholesterol biosynthesis from [2J4C]- 
mevalonate in rat liver homogenates. Removal of the 5-hydroxyl group 
from mevalonic acid produced an active inhibitor, 3-hydroxy-3-meth- 
ylpentanoic acid. Removal of the 3-hydroxyl group, addition of an aro- 
matic group in the 3-position, or insertion of a double bond reduced in- 
hibitory activity. Compounds with an aromatic group or halide on the 
5-position were active inhibitors. The most active inhibitor was 5- 
phenylpentanoic acid, with 50% inhibition at 0.064 mM. 


Keyphrases Mevalonic acid-analogs synthesized as potential cho- 
lesterol biosynthesis inhibitors Cholesterol-inhibitors, synthesis and 
testing of mevalonic acid analogs Structure-activity relationships- 
mevalonic acid analogs as inhibitors of cholesterol biosynthesis 


Considerable progress has been made in understanding 
the biosynthesis of cholesterol (1,2). Mevalonic acid, the 
product of the major rate-limiting reaction of cholesterol 


biosynthesis, is converted to isopentenyl pyrophosphate 
by three enzymes, each requiring Mg2+ and ATP. The first 
step is phosphorylation at position 5 by mevalonate kinase 
(EC 2.7.1.36). Next, 5-pyrophosphomevalonate is formed 
by phosphomevalonate kinase (EC 2.7.4.2). This product 
is decarboxylated and dehydrated by pyrophosphomev- 
alonate decarboxylase (EC 4.1.1.33), possibly involving 
3-phospho-5-pyrophosphomevalonate as an interme- 
diate. 


Interest has focused on these reactions for various rea- 
sons. For example, the role of cholesterol in atherosclerosis 
prompted a search for inhibitors of these reactions with 
the prospect of decreasing cholesterol synthesis (3-7). It 
also has been suggested that the decreased brain choles- 
terol levels seen in phenylketonuria may be due to inhi- 
bition of these steps by elevated levels of phenylalanine 


0022-3549l81/0900- 1007$01.0OlO 
@ 198 1. American Pharmaceuticai Association 


Journal of Pharmaceutical Sciences 1 1007 
Vol. 70, No. 9, September 198 1 








Concentration of Perfluorohexyl Bromide in Dog 
Plasma and Selected Tissues 
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ABSTRACT Beagle dogs received single perfluorohexyl bromide 
doses, either 30.2 g/kg PO or 3.8 g/kg intratracheally. The apparent 
first-order plasma half-life during the terminal elimination phase was 
-8 hr after oral treatment and >8 hr after intratracheal administration. 
Tissue analysis showed the highest mean concentration of the compound 
in abdominal fat 1 week after intratracheal administration. One dog had 
detectable levels in abdominal fat 4 weeks after treatment by either ad- 
ministration route. 


Keyphrases Perfluorohexyl bromide-tissue and blood plasma levels 
in dogs after oral and intratracheal administration Fluorocarbons- 
perfluorohexyl bromide, tissue and blood plasma levels in dogs after oral 
and intratracheal administration 0 Radiopaque contrast agents-per- 
fluorocarbons, perfluorohexyl bromide, tissue and plasma levels in dogs 
after oral and intratracheal administration 


Perfluorocarbon compounds were recently investigated 
for their potential use as radiopaque diagnostic agents. 
Perfluorooctyl bromide and perfluorohexyl bromide (I) 
are the least toxic of these compounds (1-11). Among the 
most frequently performed radiodiagnostic procedures 
with these two compounds are bronchography, alveolo- 
graphy (4,5), and gastroenterography (4 ,7) .  


BACKGROUND 


One desirable property in contrast agents used in bronchography and 
alveolography is rapid elimination from the lungs. Radiopaque agents 
currently available for bronchography and alveolography are retained 
in the lungs for long periods; thus, they may irritate pulmonary tissues 
and cause varying degrees of damage (5). Vaporization of the perfluoro- 
carbons a t  body temperature (4), a property not characteristic of other 
radiopaque agents, predisposes them to efficient elimination from the 
lungs. Although mucocilliary clearance is involved in elimination of the 
“neat” perfluorocarbons, evaporation plays the major role in elimination 
from the lungs (4, 5). Radiographic measurements demonstrated the 
elimination time from the lungs to be 30-60 min for I, as compared to 3-6 
hr for the octyl derivative (4). 


Good quality radiogastroenterograms have been obtained with these 
compounds since low viscosity and low surface tension allow them to flow 
freely into tiny folds and orifices (4,6,7). Visualization and delineation 
were similar for the two compounds (4). However, by vaporizing in the 
bowel, I provided a unique gas-contrast resolution, which allowed ex- 
ceptional mucosal definition (4, 7,8). 


Elimination of the octyl derivative after oral and intratracheal ad- 
ministration to beagle dogs was reported (11). High concentrations of this 
compound were found in abdominal fat 4 weeks after medication. The 
present study presents elimination characteristics of I in plasma and 
selected tissues after oral and intratracheal administration to beagle 
dogs. 


EXPERIMENTAL 


Animal Procedure-Two groups of beagle dogs, six males and six 
females in each group, received either a 30.2-g/kg PO dose or a 3.8-g/kg 
intratracheal dose of I1. A gastric tube was used for oral administration. 
The intratracheal dose was instilled under light thiopenta12 anesthesia 
(35 mgkg iv); a gastric tube was inserted into the trachea until it reached 
a point several centimeters above the bifurcation of the right and left 
bronchi. 


E. I. du Pant de Nemours, Wilmington, Del. 
Abbott, North Chicago, Ill. 


Blood samples were drawn at various intervals from the femoral vein. 
Potassium oxalate was used as the anticoagulant. The blood was promptly 
centrifuged at 2500 rpm for 10 min, and the plasma was separated and 
stored until analysis. 


Two males and females from each group were anesthetized and killed 
by pentobarbital sodium2 overdose (45 mg/kg iv) 7,14, and 28 days after 
treatment. Samples of the abdominal fat, gonads, adrenals, mesenteric 
and thoracic lymph nodes, and lungs were stored in glass jars a t  -4O until 
assay. Previous studies showed that the highest levels of the octyl de- 
rivative were found in these tissues (5 , l l ) .  Bile samples were collected 
from the intratracheally tested group only. 


Extraction Procedure-Plasma samples, 1 ml each, were extracted 
with 1 ml of isooctane containing 0.25 pg of tetrachlorodifl~oroethane~, 
the internal standard for the assay. The mixture was mechanically shaken 
for 10 min and centrifuged for 10 min a t  2500 rpm. A sample of the organic 
phase, 2.5 pl, was analyzed by GC. 


Tissue samples, up to 2 g of frozen tissue depending on the sample size, 
were minced with a scalpel and placed into a 5-ml polyethylene homog- 
enization vessel4. A known volume of isooctane containing the internal 
standard, approximately two volumes per gram of tissue, was added, and 
the mixture was homogenized for 1 min. The homogenization vessel was 
submerged in an ice bath during homogenization. The homogenate was 
centrifuged a t  2500 rpm for 10 min, and 2.5 p1 of the organic phase was 
assayed. 


Known amounts of I were added to samples of normal, control dog 
plasma and tissue; these samples were freshly prepared and used as 
standards. They were extracted and assayed as described. 


GC-A11 samples were analyzed using a gas chromatograph equipped 
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Figure I-Chromatogram of extracted dog plasma containing the in- 
ternal standard (left) and the same sample containing 190 ng of I/ml 
(right). 


Freon 112, E.I. du Pont de Nernours, Wilrnington, Del. 
Sorvall, Norwalk, Conn. 
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Table I-Tissue I Concentrations (Micrograms per Gram) in Beagle Dogs that Received 30.2 g/kg PO 


Dog Number, Thoracic Mesenteric 
Sex, and Weight (kg) Lung Fat Lymph Lymph Adrenals Ovaries Testes 


1 Week 
1, M, 9.3 0.02 1.6 0.65 0.11 0.02 - <MQLa 
2, M, 10.1 <MQL 0.79 0.15 <MQL <MQL - <MQL 
3, F, 7.5 <MQL 0.08 0.03 <MQL 0.02 <MQL - 
4, F, 7.0 <MQL 1.8 0.28 0.06 0.04 <MQL - 


2 Weeks 
5, M, 10.2 <MQL 0.07 <MQL <MQL <MQL - <MQL 
6, M, 10.6 <MQL 0.06 <MQL <MQL <MQL - <MQL 
7, F, 8.3 <MQL 0.08 <MQL <MQL <MQL <MQL - 
8, F, 7.8 <MQL <MQL <MQL <MQL <MQL <MQL - 


4 Weeks 
<MQL - <MQL 


- <MQL 
9, M, 9.8 <MQL 0.09 <MQL <MQL 


10, M, 9.2 <MQL <MQL <MQL <MQL <MQL 
11, F, 7.3 <MQL <MQL <MQL <MQL <MQL <MQL - 
12, F, 7.5 <MQL <MQL <MQL <MQL <MQL <MQL - 


Mean minimum quantifiable level (MQL) was 0.01 fig/g. 


with a 63Ni-electron-capture detector5, an automatic sampler, and an 
integrator. The silanized glass column, 1.8 m X 3 mm i.d., was packed with 
80-100-mesh, porous polymer bead@. The oven was operated in the 
isocratic mode at 175O; both the injection port and detector temperatures 
were 250'. The flow rate of the carrier gas, a mixture of 7% methane in 
argon7, was 40 ml/min. Under these conditions, the retention times of 
I and the internal standard were 6.5 and 7.8 min, respectively. 


RESULTS AND DISCUSSION 


Figure 1 shows typical chromatograms of plasma extracted by the 
described procedure. The relationship between the relative peak area 
ratio and the concentration of I was linear up to 200 ng/ml; the computer 
estimated the standard line by a least-squares method. The concentration 
in the unknown sample was calculated from the equation for the extracted 
standards line. The minimum quantifiable level, defined as that value 
whose 80% confidence limit just encompassed zero, was 10 ng/ml or gram 
of tissue. 


The mean plasma concentrations of I following oral and intratracheal 
administration are shown on Figs. 2 and 3, respectively. The apparent 
first-order terminal elimination half-life following oral administration 
of I was -8 hr, as determined by linear regression on the logarithm of the 
plasma concentration and sample time data (r  = 0.993). By the intra- 


I I I 
10 20 30 


HOURS 


Figure 2-Plasma concentrations in beagle dogs after oral adminis- 
tration of 30.2 g of Ilkg; n = 12. The vertical bar represents 2 SE. 


~~ ~~ 


5 Model 5710A, Hewlett-Packard, Avandale, Pa. 
6 Porapak QS, Waters Associates, Framingham, Mass. 
7 Linde, New York, N.Y. 


tracheal route, the decline in plasma I concentration did not appear t o  
follow first-order kinetics (Fig. 3); plasma levels were higher than ob- 
served after oral treatment, indicating greater absorption by this ad- 
ministration route. 


In the orally dosed group, the only tissue in which I was detected be- 
yond the 1st week was abdominal fat (Table I). No detectable level of I 
was found in the gonads, and only one low level was found in a 1-week 
lung sample. The tissue values were highly variable. In the intratracheally 
dosed dogs, the highest levels of I were seen in the abdominal fat (Table 
11); I was not detected in bile or ovaries, and only one low level was found 
in the testes. After 1 week, detectable levels of I were found only in ab- 
dominal fat and lymph nodes. Only one dog still had low levels of I in 
abdominal fat, by either treatment route, 4 weeks after medication. The 
octyl derivative, which was administered at similar doses in the previous 
study ( l l ) ,  also was detected in abdominal fat 4 weeks after medica- 
tion. 


The level of I detected in the one beagle 4 weeks after oral medication 
was 2% of the mean level of the octyl derivative detected in the eight 
animals in the previous oral study. Similarly, the level of I detected in 
the one dog 4 weeks after intratracheal administration was 1% of the mean 
level of the octyl derivative detected in the four animals that were treated 
by intratracheal administration of the octyl derivative in the previous 
study. Levels of I in abdominal fat of the remaining dogs, 4 weeks after 
treatment, were below the minimum quantifiable level of the assay. 


Thus, detectable levels of both the octyl- and hexylperfluorocarbon 
compounds were seen 4 weeks after oral and intratracheal administration 
to beagle dogs. Levels of I observed were 1-2% those of the octyl deriva- 
tive, indicating that the higher vapor pressure of I facilitated elimination 
from the body. 


0 20 40 60 80 100 
HOURS 


Figure 3-Plasma concentrations in  beagle hounds after intratracheal 
administration of 3.8 g of Ilkg; n = 12. The vertical bar represents 2 
SE. 
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Table 11-Tissue I Concentrations (Microarams Der Gram) in Beagle DOES that  Received 3.8 e/ke intratracheallv 


Dog Number, Thoracic Mesenteric 
Sex, and Weight (kg) Lung Fat Lymph Lymph Bile Adrenals Ovaries Testes 


~ ~~ 


1 Week 
1, M, 10.4 0.01 6.5 0.30 0.70 
2, M, 9.2 0.01 0.96 0.26 0.09 
3, F, 7.3 0.01 2.5 0.31 0.11 
4, F, 8.6 <MQL 0.86 <MQL 0.14 


2 Weeks 


<MQLa 
<MQL 
<MQL 
<MQL 


0.11 - 
0.12 - 


0.07 <MQL 
0.05 <MQL 


<MQL 
0.01 
- 
- 


- __.._ 


5, M, 10.0 <MQL 0.67 <MQL 0.28 


7, F, 8.2 <MQL 0.16 <MQL 0.02 
6, M, 9.3 <MQL <MQL <MQL <MQL 


8, F, 6.6 <MQL 0.67 0.03 0.05 


<MQL 
<MQL 
<MQL 
<MQL 


<MQL - 
<MQL - 


<MQL <MQL 
<MQL - b  


<MQL 
<MQL 


4 Weeks ~ . _.__ 


9, M, 10.7 <MQL <MQL <MQL <MQL <MQL <MQL - <MQL 
10, M, 9.9 <MQL <MQL <MQL <MQL <MQL <MQL - <MQL 
11, F, 8.2 <MQL <MQL <MQL <MQL <MQL <MQL <MQL - 
12, F, 6.9 <MQL 0.06 <MQL <MQL <MQL <MQL <MQL - 


Mean minimum quantifiable level (MQL) was 0.01 K g / g .  * No sample. 
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Abstract An animal model was sought that would mimic humans with 
regard to the dose-dependent pharmacokinetics of prednisolone. Four 
rabbits were each given 0.5 and 10 mg iv of prednisolone, and timed blood 
samples were obtained. Plasma prednisolone and prednisone concen- 
trations were assayed by high-performance liquid chromatography, and 
protein binding was assessed using equilibrium dialysis a t  3 7 O .  Increases 
in the systemic clearance, volume of distribution at  steady state, mean 
residence time (in three of four rabbits), and variance of residence time 
occurred as dose was increased. As in humans, prednisolone was partly 
converted to prednisone in the rabbit. Transcortin and albumin con- 
centrations and their affinity constants for binding prednisolone were 
also similar to humans. 


Keyphrases 0 Prednisolone-dose-dependent protein binding and 
pharmacokinetics, rabbits 0 Binding, protein-prednisolone, pharma- 
cokinetics, rabbits Pharmacokinetics-prednisolone, protein binding, 
rabbits 


Prednisolone and its pharmacologically inactive pro- 
drug, prednisone, are synthetic glucocorticoids widely used 
in the treatment of various disease entities including 
asthma, shock, and nephrotic syndrome. Jusko and Rose 
(1) demonstrated nonlinear pharmacokinetics of these 


compounds in humans, characterized by increases in their 
total plasma clearance with increases in dose. Furthermore, 
the serum protein binding of prednisolone is nonlinear a t  
therapeutic serum concentrations owing to the existence 
of two binding proteins (2). This binding appears to ex- 
plain most, but not all, of the nonlinearity in prednisolone 
pharmacokinetics in humans (1). 


To assess mechanisms contributing to this nonlinear 
disposition, an animal model is needed that mimics hu- 
mans with regard to the serum protein binding and dis- 
position of prednisolone. The serum protein binding of 
prednisolone was previously examined in rat, rabbit, ca- 
nine, and human serum (3), with the rabbit being most like 
the human in type and degree of nonlinear binding. This 
study further evaluated the rabbit as an animal model for 
dose-dependent disposition of prednisolone. 


EXPERIMENTAL 


Methods-Four New Zealand White rabbits, 3.0-3.9 kg, received 0.5- 
and 10-mg iv equivalent doses of prednisolone as the sodium succinate. 
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Table I-Percentage of Nitroglycerin in  Ointment Capsules 
Stored at 37" for 18 Weeks 


Percent Content (Mean f SE, n = 5 )  
Kinetic HPLC 


Weeks Assay Assay 


0 3.24 f 0.06 3.19 f 0.11 
5 3.18 f 0.10 3.23 f 0.08 


10 3.17 f 0.12 3.20 f 0.10 
18 3.22 f 0.05 3.19 f 0.09 


tions, the correlation coefficient of results obtained by the 
two methods was 0.988. 


Unfortunately, the HPLC method and the other pre- 
viously reported high-pressure liquid chromatographic 
method (10) were not specific for glyceryl dinitrates due 
to  the presence of unknown interfering peaks from the 
ointment extract (Fig. 1). No reduction in size of the in- 
terfering peaks was achieved by using other organic sol- 
vents (hexane, ether, and methanol) to extract the oint- 
ment. The relative height of these peaks did not change 
over time. It was established by TLC separation (11) prior 
to HPLC analysis that the amount of glyceryl dinitrates 
present in the ointment was negligible. Triacetin, which 
is used as a solvent for nitroglycerin in some preparations, 
cochromatographed with glyceryl1,2-dinitrate using the 
method of Crouthamel and Dorsch (8). 


No loss of nitroglycerin was found after storage of in- 
dividual capsules for 18 weeks at  37' (Table I). The 
amount of the dinitrates present in the ointment was 
negligible throughout the study. 


The good stability of nitroglycerin in the ointment for- 
mulation tested is consistent with a high affinity of nitro- 
glycerin for the lipophilic ointment base and a low affinity 
for the gelatin capsule in which the ointment is presented. 
In contrast, the availability of nitroglycerin from aqueous 
solutions infused from plastic infusion bags through giviQg 
sets is reduced due to the high affinity of nitroglycerin for 
the plastic (12). 
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Comparison of Plasma and  Urine Analyses for 
Thiazides in Bioavailability/Bioequivalence Study 


Keyphrases 0 Thiazides-plasma uersus urine analysis in bioavail- 
abilityhioequivalence study 0 Bioavailability-thiaides, plasma versus 
urine analysis 0 Bioequivalence-thiazides, plasma versus urine analysis 
0 Diuretics-thiazides, plasma uersus urine analysis in bioavailabilityl 
bioequivalence study 


To the Editor: 


Thiazides are widely used as diuretics in the treatment 
of hypertension. In the recent proposal (1) for bioavail- 
abilitylbioequivalence requirements, the thiazides were 
identified as having potential bioequivalence problems. 
To ensure bioequivalence of thiazide products, both in 
uitro dissolution and in uiuo bioavailability requirements 
were proposed. The in uiuo requirements call for bio- 
availability studies in humans and comparison of blood 
level and/or urinary excretion profiles of the drug with a 
standard reference product. I t  is generally assumed that 
blood (or plasma or serum) level measurements give a 
better assessment of bioavailability and bioequivalence 
than urinary measurements because of complicated 
pharmacokinetic considerations such as drug metabolism 
and urine collection problems. 


It is sometimes argued that the presence of drug in the 
blood is not a real estimate of the drug availability at the 
site of action but only an estimate of drug bioavailability. 
It is preferable to determine the amount of drug at the site 
of action or to measure therapeutic effect, but these two 
procedures are generally not feasible. Thiazide diuretics 
are weak carbonic anhydrase inhibitors that enhance the 
renal excretion of sodium and chloride ions and an ac- 
companying volume of water, thereby causing diuresis. 
This therapeutic effect is due to inhibition of ion reab- 
sorption in the distal tubule. Thiazides are primarily ex- 
creted unchanged in urine by active secretion in the 
proximal tubule (2). Thus, from a pharmacological and a 
therapeutic viewpoint, measurement of the urinary ex- 
cretion of the drug appears to be a logical choice in lieu of 
measurement in blood for the assessment of bioavailability 
of a diuretic dosage form. 


Previous work on chlorothiazide and hydrochlorothia- 
zide suggested that urinary level measurements give ade- 
quate information for bioavailabilitylbioequivalence as- 
sessment (3,4). Figure 1 shows the amount of drug elimi- 
nated in the urine (AE)  and the area under the curve 
(AUC) in the same subjects for various thiazides. For hy- 
drochlorothiazide, -34% of the administered drug was 
recovered in 0-12-hr urine samples a t  all dose levels (100, 
50, and 25 mg), thus suggesting a dose-response relation- 
ship. As expected, the amount of drug in urine decreased 
with a decrease in hydrochlorothiazide administration, but 
the AUC did not correspond and correlate with the AE 
values (Subjects 2 and 3, Fig. 1A). Earlier data (5) for hy- 
drochlorothiazide showed no relationship between the 
AUC and AE (Fig. lB), between the AUC and product 
bioavailability, or between C,,, and dose administered or 
bioavailability. 


A preliminary study using chlorothiazide products 
showed that, although approximately the same amount of 
drug was excreted in 48 hr from subjects administered 250- 
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Figure 1-Comparison of AUC ( A )  and AE (0) values for thiazides in the same subjects. Key: A, hydrochlorothiazide-Subjects 1 and 2 received 
a 100-mg dose, Subjects 3 and 4 received a 50-mg dose, and Subjects 5 and 6 received a 25-mg dose; B, hydrochlorothiazide-all subjects received 
a 75-mg dose; C, chlorothiazide-Subjects 1 and 2 received a 250-mg dose and Subjects 3 and 4 received a 500-mg dose; D, polythiazide-all subjects 
received a 1-mg dose; E ,  hydroflumethiazide-a11 subjects received a 100-mg dose; and F, bendroflumethiazide-all subjects received a 10-mg 
dose. 


and 500-mg doses, there was an approximate twofold dif- 
ference in AUC (3), thus suggesting a lack of correlation 
between AE and AUC values (Fig. 1C). 


Previous bioavailability studies involving plasma levels 
and urinary excretion measurements on polythiazide [Fig. 
1D (6)], hydroflumethiazide [Fig. 1E (7)], and bendroflu- 
methiazide [Fig. 1F (8)] were analyzed to determine the 
correlation between A E  and AUC values. (The AUC val- 
ues were calculated using the trapezoidal rule from the 
data provided.) Analysis of the data for the same panel of 
subjects shows wide variation in the AUC with nearly the 
same AE, suggesting a lack of correlation. 


The lack of correlation observed between the plasma 
A UC and AE values is puzzling. One explanation may be 
the possible interaction of the thiazide with red blood cells. 
All thiazides have a sulfonamide group, and compounds 
with such groups have been shown to interact and bind 


with red blood cells (9). One hydrochlorothiazide study 
(10) also postulated an interaction between red blood cells 
and hydrochlorothiazide. The equilibrium drug concen- 
tration in plasma, which is most frequently measured for 
AUC determinations, is directly influenced by the inter- 
action between the thiazide and red blood cells. 


The reported plasma AUC measurements are more 
variable than the AE measurements, making it difficult 
to assess the amount of drug absorbed. On the other hand, 
the results of urinary excretion show comparatively less 
variation, making it easier for estimation of bioavailabil- 
ity/bioequivalence for thiazides. Thus, comparison of A UC 
and AE results indicate that urinary measurement from 
carefully planned and executed bioavailability studies are 
adequate to establish bioequivalence of thiazide di- 
uretics. 
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Technique for Preparing Appendage-Free 
Skin (Scar) on Hairless Mouse 


Keyphrases Scar tissue-technique for preparing appendage-free 
skin on the hairless mouse Burns-examination of scar tissue, tech- 
nique for preparing appendage-free skin on the hairless mouse 
Skin-technique for preparing appendage-free skin on the hairless 
mouse, examination of scar tissue 


To the Editor: 
Scar formation is, minimally, a reconstruction of skin 


that has undergone total destruction of its epidermal ele- 


side by side with normal skin. To do this study with the 
least possible complications, experimental wounds need 
to be developed that result in scarring but that also rep- 
resent minimal damage and restructuring of the dermal 
matrix. 


Many researchers have developed methods to produce 
experimental wounds in laboratory animals. These pro- 
cedures include excision of surface tissues (2-7), branding 
(&lo), severe chemical burning (ll), thermal burning (12), 
and X-ray and UV irradiation (13, 14). The major em- 
phasis of these investigations has been to study the healing 
process; the end result, the scarred surface, has been of only 
incidental concern. Where scar tissue has been purpose- 
fully studied histologically and otherwise, tissue samples 
normally have been of etiological rather than of experi- 
mental origin (15,16). Therefore, we attempted to develop 
a simple reliable technique to produce scars with minimal 
dermal involvement in small laboratory animals for the 
purpose of studying the physicochemical (barrier) prop- 
erties of scar tissue itself. 


Male hairless mice*, 60-80 days old, were anesthetized 
with methoxyfluranez, and their dorsal surfaces were 
scalded using a previously reported technique (17). Es- 
sentially, the dorsal surface of an animal was immersed for 
30 sec in water maintained at  60’. These conditions were 
chosen because they produce a borderline full-thickness 
burn on hairless mouse skin (17) and are routinely used to 
separate epidermis from dermis in preparing epidermal 
membranes for mass transfer studies (18). A t  the outset, 
the conditions appeared to be at  or near the threshold to 
accomplish the stated goal. 


The scalded mice were placed on a table with the burned 
surfaces exposed. An area was marked on the traumatized. 
dorsal surface roughly approximating 6-8 cm2 of the body 
surface area. With the blade of a spatula, the epidermis was 
scraped off the surface. Occasionally, the epidermal layer 
was separated as a single piece, but.it usually came off in 
fragments. The blade was moved back and forth on the 
exposed skin several times, exposing the outlines of su- 
perficial blood vessels. The skin was uniformly erythe- 
matous. The animals‘ then were returned to individual 


ments through disease or physical trauma (1). Since epi- 
dermal elements such as hair follicles often penetrate 
deeply into and beyond the dermal structure, significant 
repair of dermal and subdermal damage also is associated 
with the appearance and function of the scarred surface. 
When cells of epidermal origin are obliterated within the 
surface, including those deep within the follicular invag- 
inations, the epidermis of a small wound is repaired by 
lateral migration of cells from its periphery. Based on 
histological examination of actual injuries, an epidermal 
structure is formed, which, as a minimally functional re- 
newed surface, is without normal skin lines and is devoid 
of pilosebaceous and eccrine appendages. It has a flattened 
interface with the dermis. The dermis is repaired by fi- 
broblasts that appear in large numbers in the wound. De- 
pending on the nature and extent of the damage, the scar 


An appendage-free structure such as scar tissue should 


.may be Or depressed and is usually schlerotic (hard) Figure l-ffistological appearance of the hairless mouse normal 
due to the synthesis of new collagen. skin. 


be usefd for sorting out transfollicular and transepidermal SKH-hr-l strain, Skin Cancer Hospital, Philadelphia, Pa, contributions to percutaneous absorption by studying it 2 Metofane, Pitman-Moore, Washington Crossing, N.J. 
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Figure 5-Areas from plots of the type in Fig. 3 at  six different pres- 
sures, plotted as a function of maximal pressure according to Eq. 6. 


I. The last column gives the Fo value that is the smallest force necessary 
for actual displacement beyond the rearrangement step. It is seen from 
Table I that, for example, for “excipient + copolymer (50%)” (the case 
shown in Fig. 3), Fob In Fo = 168 J and Fob = 18.8 J. In other words, In 
Fo = 168h8.8 = 8.94, or Fo = 6610 N. This value corresponds to an or- 
dinate of 0.66 in Fig. 3, which corresponds to a “recorded” abscissa value 
(with arbitrary zero) of 4.5 mm. 


Since Fob = 18.8, it follows that b = l8.8/Fo = 0.0028 m = 2.8 mm. 
Hence, in Fig. 3, the final asymptote would be at a recorded abscissa value 
of 4.5 + 2.8 = 7.3 mm (again recalling that the zero is somewhat arbitrary). 
At  this point, the distance between the upper and lower punch would be 
2.4 mm6. If the solid achieves its true density a t  b, then the true density 
can be deduced. The die has a diameter of 12 mm; i.e., the volume be- 
tween the upper and lower punch is equal to [?r (1.22/4) 0.241 = 0.27 cm3. 


~ ~ 


6 This value is obtained from knowledge of the lower punch position in relation 
to the arbitrary zero and does not account for possible compression of the pre- 
sumably static lower punch. 


The weight of the solids is 500 mg, so the true density would have a value 
of 0.5/0.27 = 1.84 g/cm3, which is reasonable. Since compression can 
possibly (and presumably does) produce densities that are higher than 
the true densities a t  atmospheric pressure, the calculated figure only has 
interest in that it is of a reasonable magnitude. Furthermore, Eq. 8 deals 
with the energy input and assumes that the relaxation trace in Fig. 3 (the 
recovery) is vertical. This approximation becomes poorer the more pro- 
nounced the recovery after upper punch release. 


SUMMARY 


The present study shows that the Parmentier-Fuhrer equation for the 
value of the upper punch force as a function of displacement is useful and 
can be used to deduce mathematically energy versus maximum force 
relationships for energy input. These relationships were validated ex- 
perimentally. The plots provide an estimate of the point in the dis- 
placement of the upper punch where the powder or granulation was 
rearranged to its closest packing. 
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Abstract 0 A series of 20 mevalonic acid analogs was synthesized and 
tested for their ability to inhibit cholesterol biosynthesis from [2J4C]- 
mevalonate in rat liver homogenates. Removal of the 5-hydroxyl group 
from mevalonic acid produced an active inhibitor, 3-hydroxy-3-meth- 
ylpentanoic acid. Removal of the 3-hydroxyl group, addition of an aro- 
matic group in the 3-position, or insertion of a double bond reduced in- 
hibitory activity. Compounds with an aromatic group or halide on the 
5-position were active inhibitors. The most active inhibitor was 5- 
phenylpentanoic acid, with 50% inhibition at 0.064 mM. 


Keyphrases Mevalonic acid-analogs synthesized as potential cho- 
lesterol biosynthesis inhibitors Cholesterol-inhibitors, synthesis and 
testing of mevalonic acid analogs Structure-activity relationships- 
mevalonic acid analogs as inhibitors of cholesterol biosynthesis 


Considerable progress has been made in understanding 
the biosynthesis of cholesterol (1,2). Mevalonic acid, the 
product of the major rate-limiting reaction of cholesterol 


biosynthesis, is converted to isopentenyl pyrophosphate 
by three enzymes, each requiring Mg2+ and ATP. The first 
step is phosphorylation at position 5 by mevalonate kinase 
(EC 2.7.1.36). Next, 5-pyrophosphomevalonate is formed 
by phosphomevalonate kinase (EC 2.7.4.2). This product 
is decarboxylated and dehydrated by pyrophosphomev- 
alonate decarboxylase (EC 4.1.1.33), possibly involving 
3-phospho-5-pyrophosphomevalonate as an interme- 
diate. 


Interest has focused on these reactions for various rea- 
sons. For example, the role of cholesterol in atherosclerosis 
prompted a search for inhibitors of these reactions with 
the prospect of decreasing cholesterol synthesis (3-7). It 
also has been suggested that the decreased brain choles- 
terol levels seen in phenylketonuria may be due to inhi- 
bition of these steps by elevated levels of phenylalanine 
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and its deaminated metabolites (8, 9). Furthermore, the 
development of specific inhibitors could be used to study 
the mechanism of these reactions and their importance as 
a secondary regulatory site of cholesterol synthesis. In 
addition, such inhibitors could help elucidate the mecha- 
nism and control of the recently observed nonsterol met- 
abolic pathway of mevalonic acid (10, 11). 


This paper describes the synthesis and testing of mev- 
alonic acid analogs for their ability to inhibit the incor- 
poration of [2-14C]mevalonate into cholesterol by rat liver 
homogenates. 


EXPERIMENTAL' 


All mevalonic acid analogs were either prepared in this laboratory or 
obtained commercially2. The 3-hydroxy esters were prepared by the 
Reformastki reaction (12). The products were purified by fractional 
vacuum distillation through a Vigreux column. The structures were 
verified by NMR spectroscopy. Elemental analyses were performed on 
those compounds for which there were no analytical data in the literature 
for comparison. 


Ethyl 3-(4-Chlorophenyl)-3-hydroxypentanoate (E-8)-Com- 
pound E-8 was prepared by the careful dropwise addition of p-chloro- 
propiophenone (15 g, 89 mmoles) and ethyl bromoacetate (15.5 g, 93 
mmoles) in ether (20 ml) and benzene (20 ml) to granular zinc (11 g, 168 
mmoles) while stirring mechanically. After the exothermic reaction 
subsided, the mixture was stirred and refluxed for 3 hr, cooled, acidified 
to pH 3 with 10% HCl, and extracted twice with chloroform. 


The organic portions were combined, washed with 5% NaHC03, and 
dried over anhydrous magnesium sulfate, and the solvents were removed 
under reduced pressure. The residue was distilled, yielding 20 g (88%) 
of a colorless liquid, bp 111-112.5"/0.15 mm Hg; NMR (CDC13): 6 0.74 
(t, 3H, CH3), 1.09 (t, 3H, CH3-ester), 1.78 (4, 2H, CHz), 2.85 (9, 2H, 
CH2=0),4.08(q,2H,COOCH2),4.37 (s,lH,OH),and7.42(~,4H,aro- 
matic) ppm. 


Anal.-Calc. for C13H17C103: C, 60.82; H, 6.67; C1, 13.81. Found: C, 
60.69; H, 6.74; C1, 13.69. 


Ethyl 5-Chloro-3-hydroxy-3-phenylpentanoate (E-9)-Compound 
E-9 was prepared by the slow addition of P-chloropropiophenone (5 g, 
30 mmoles) and ethyl bromoacetate (4.95 g, 30 mmoles) in ether (13 ml) 
and benzene (13 ml) to zinc dust (1.9 g, 60 mmoles) while stirring me- 
chanically. After the exothermic reaction subsided, the mixture was re- 
fluxed overnight and worked up as already described. Vacuum distillation 
yielded 4.0 g (52%) of a faint-yellow liquid (E-9), bp 120-122O/0.3 mm 


CH2C=O),3.34 (m, 2H,CH2CI),4.00 (q,2H, COOCH2),4.54 (s, lH,OH), 
and 7.33 (s, 5H, aromatic) ppm. 


Anal.-Calc. for C13H17C103: C, 60.82; H, 6.67; C1, 13.81. Found: C, 
60.51; H, 6.75; C1, 13.88. 


Ethyl 3-Hydroxy-3-methylpentanoate (E-1)-Methyl ethyl ketone 
(69 g, 0.96 mole) and ethyl bromoacetate (167 g, 1.0 mole) in ether (450 
ml) were added to zinc dust (120 g, 1.84 moles) with mechanical stirring. 
The mixture was refluxed overnight and worked up as already described. 
Vacuum distillation yielded 108 g (70%) of a colorless liquid (E-l), bp 
38-39O/0.015 mm Hg [lit. (13) bp 83-88'/13 mm]. 


Ethyl 3-Hydroxy-3-phenylpentanoate (E-7)-Propiophenone (33.5 
g, 0.25 mole) and ethyl bromoacetate (42 g, 0.25 mole) in ether (50 ml) 
and benzene (50 ml) were added to zinc dust (33 g, 0.51 mole) with me- 
chanical stirring. The mixture was refluxed overnight and worked up as 
already described. Distillation resulted in 35 g (63%) of a faint-pink liquid 
(E-7), bp 86.5-88'/0.15 mm Hg [lit. (14) bp 104'/0.5 mm]. 


Ethyl A2-3-Methylpentenoate (E-2)-The Emmons modification 
(15) of the Wittig reaction was used to prepare E-2. Ethyl bromoacetate 
(83.5 g, 0.5 mole) was added dropwise to a stirred solution of triethyl 
phosphite (83.1 g, 0.5 mole). After complete addition, the temperature 
was increased, and ethyl bromide began to distill off. As the liberation 
of ethyl bromide decreased, the temperature was increased slowly, finally 
remaining at 170-175" for 1 hr. The cooled solution was added dropwise 


Hg; NMR (CDC13): 6 1.03 (t, 3H, CH3), 2.27 (t, 2H, CHz), 2.88 (s, 2H, 


~~ ~ ~ 


1 Melting points were determined on a Fisher-Johns apparatus and are uncor- 
rected. NMR spectra were determined using a Varian A-60A spectrometer with 
tetramethylsilane as an internal standard. Elemental analyses were performed by 
Bristol Laboratories, Syracuse, N.Y. * Compounds E-5, A-11, A-12, A-13, and A-14 were from Aldrich Chemical Co., 
and E-4 and A-6 were from Frinton Laboratory. 


to sodium ethoxide formed from the addition of absolute ethanol (23 g, 
0.5 mole) to sodium ribbon (11.5 g, 0.5 mole) in tetrahydrofuran (300ml) 
under nitrogen. Then, methyl ethyl ketone (36 g, 0.5 mole) was added 
slowly at a rate to keep the temperature below 35O. 


After addition of the ketone, the mixture was stirred and refluxed 
overnight, cooled, and filtered. The precipitate was washed with ether, 
ethanol, and finally water. The aqueous phase was washed twice with 
ether. The combined organic phases were dried over anhydrous magne- 
sium sulfate, and the solvents were removed under reduced pressure. 
Distillation yielded 48 g (68%) of a colorless liquid (E-2), bp 72-74'/23 
mm Hg [lit. (16) bp 68"/14 mm]; NMR (CDCl3): 6 1.06 (t, 3H, CH3), 1.25 
(t, 3H, CH3-ester), 2.10 (m, 2H, CHzC=), 2.16 (5, 3H, 
CH3C=), 4.14 (q, 2H, COOCHz), and 5.65 (s, lH,  HC=C) ppm. 


Methyl A3-3-Methylpentenoate (E-a)-Kon and Linstead (17) 
claimed that ethyl A3-3-methylpentenoate could be selectively prepared 
by the dehydration of E-1 by heating in the presence of potassium hy- 
drogen sulfate. However, this procedure resulted in a mixture of the Az- 
and A3-esters, as confirmed by NMR. Thus, the more complex procedure 
of Wagner (13) had to be utilized, which would specifically locate the 
double bond in the A3-position and result in the trans-isomer. Briefly, 
the procedure involved four steps: (a) aldol condensation of acetaldehyde 
and methyl ethyl ketone in the presence of base to yield 4-hydroxy-3- 
methylpentanone, ( b )  dehydration of the @-hydroxyketone to 3- 
methyl-3-penten-2-one. (c) formation of 3,4-dibromo-3-methyl-2-pen- 
tanone by the addition of bromine to the unsaturated ketone, and (d) 
Favorskii rearrangement of the a,/?-dibromoketone in the presence of 
sodium methoxide to form methyl A3-3-methylpentenoate (E-3) (25% 
yield), bp 47-50°/11 mm Hg [lit. (13) bp 74"/50 mm]; NMR (CDC13): 6 
1.5 [m, 6H, (CHzC=)2], 3.0 (d, 2H, CHz), 3.65 (s, 3H, OCH3), and 5.42 
(m, lH, CH=C) ppm. 


Saponification of Esters-Two general procedures similar to those 
of Stewart and Woolley (4) were used. 


Procedure I-To a stirred solution containing an ester (40 mmoles) 
in 80% ethanol (30 ml) at 60°, 40 ml of sodium hydroxide (1 N, 40 mmoles) 
was added dropwise over 90 min. After the mixture was stirred at 60" for 
18 hr, the solvent was removed under reduced pressure. The remaining 
solution was extracted twice with ether, and the combined ether ex- 
tractions were backwashed once with 5% NaHC03. The combined 
aqueous portion was acidified to pH 3 with 1 N HCl. 


If the acid was a solid a t  room temperature, it precipitated out of the 
acidic solution and was collected by filtration and purified by recrystal- 
lization. If no precipitate formed, the aqueous solution was extracted 
twice with ether and twice with ethyl acetate. The combined organic 
extracts were washed with water until neutral, dried over anhydrous 
magnesium sulfate, and concentrated under reduced pressure. The res- 
idue was vacuum distilled. 


Procedure 2-Because dehydration or isomerization was a problem 
during the saponification of E-1, E-2, E-3, a gentler procedure was used. 
The ester (40 mmoles) in 80% ethanol (60 ml) was cooled in an ice bath 
while 40 ml of sodium hydroxide (1 N, 40 mmoles) was added over 24 hr. 
The solution was stirred at room temperature for 1-2 days and the 
product was worked up as already described. 
3-(4-Chlorophenyl)-3-hydroxypentanoic Acid (A-8)-Compound 


E-8 was hydrolyzed according to Procedure 1 producing A-8 (93%). which 
was recrystallized from benzene-hexane (l:l), mp 97-98O; NMR (CDC13): 
6 0.71 (t, 3H, CH3), 1.78 (q, 2H, CH2), 2.91 (s, 2H, CH&=O), and 7.40 
(s, 6H, aromatic, OH, COOH) ppm. 


Anal.-Calc. for CllH13C103: C, 57.79; H, 5.73; C1, 15.50. Found: C, 
57.67; H, 5.71; C1, 14.88. 
3-Hydroxy-3-phenylpentano-5-lactone (E-10)-Hydrolysis of E-9 


by Procedure 1 unexpectedly resulted in a lactone, E-10. Recrystallization 
in ethyl acetate gave white crystals (56%), mp 133-135'; NMR (CDC13): 
6 2.16 (broad, 2H, CHz), 2.84 (s, 2H, COCHz), 3.08 (s, lH, OH, not present 
with DzO), 4.44 (m, 2H, OCHz), and 7.34 (s, 5H, aromatic) ppm. 


And-Calc. for CllH1203: C, 68.74; H, 6.29. Found C, 68.48; H, 6.40; 
CI, none. 
3-Hydroxy-3-phenylpentanoic Acid (A-?)-Hydrolysis of E-7 by 


Procedure 1 resulted in A-7. Recrystallization from benzene gave white 
crystals (71%), mp 122-123' [lit. (14) mp 120-121°]. 


A2-3-Ethoxybutenoic Acid (A-4)-Hydrolysis of E-4 by Procedure 
1 resulted in A-4. Recrystallization from absolute ethanol gave white 
crystals (31%), which decomposed on melting at 139-141" [lit. (18) mp 
140'1. 
3-Hydroxy-3-methylpentanoic Acid (A-1)-Hydrolysis of E-1 by 


Procedure 2 resulted in A-1 (52%), bp 78-81°/0.02 mm Hg [lit. (3) bp 
93-95'/0.03 mm]. 


A2-3-Methylpentenoic Acid (A-2)-Hydrolysis of E-2 by Procedure 
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Figure 1-Incorporation rate of [2- 14C]meoalonate into digitonin- 
precipitated sterols in rat lioer homogenate. Each point represents the 
average of two determinations. 


2 resulted in A-2 (51%), which separated on standing into the trans-iso- 
mer (23%), mp 43-45" [lit. (19) mp 46-47'], and the cis-isomer (7794 bp 
61°/0.55 mm Hg [lit. (20) bp 96'/5 mm]. Since complete separation could 
not be effected, a mixture of roughly equal parts of the isomers was used 
for testing in the homogenate system. 
trans-A3-3-Methylpentenoic Acid (A-3)-Hydrolysis of E-3 by 


Procedure 2 resulted in A-3 (97%), bp 51-53"/0.015 mm Hg [lit. (13) mp 
35'1; NMR 6 1.70 [m, 6H, (CH&=)z], 3.06 (d, 2H, CHz), 5.45 (m, lH, 
CH=C), and 11.56 (s, lH, COOH) ppm. 
In Vitro Assay of Cholesterol Biosynthesis-The rat liver ho- 


mogenates from mature male Wistar rats were prepared following the 
general procedures described previously (21). The homogenization me- 
dium consisted of 100 mM potassium phosphate, 30 mM nicotinamide, 
4 mM magnesium chloride, 5 mh4 glutathione, and 1 mM ethylenedi- 
aminetetraacetic acid at pH 7.4. The final cofador concentration3 in each 
incubation flask was 2 mM ATP, 1 mM NAD, 1 mM NADP, 8 mM glu- 
cose-6-phosphate, and 2 units of glucose-6-phosphate dehydrogenase 
(baker's yeast, type XV). 


To each 25-ml incubation flask were added 2 ml of homogenate, 0.1 
ml of cofactor solution, and 0.1 ml of solution containing the compound 
to be tested. The acids were added as the potassium salt in water a t  pH 
7.4, while the esters were added in 50% ethanol. Every compound was 
tested in duplicate. The appropriate controls, either water or 50% ethanol, 
also were run in duplicate in every assay. The assay was started by the 
addition of 0.1 ml of water containing the potassium salt of [2-14C]mev- 
alonate (0.1 pCi, 0.0124 pmole) prepared from the dibenzylethylene 
ammonium salt4. Incubation continued for 20 min a t  37' in a Dubnoff 
shaker a t  100 oscillations/min. The incubation was terminated by the 
addition of 2 ml of 11% KOH (w/v) in ethanol. 


The contents of each incubation flask were poured into 16 X 150-mm 
screw-capped tubes. Each flask was washed twice with 2-ml portions of 
11% KOH (w/v) in ethanol, and the washings were added to the appro- 
priate tube. Each sample was capped and saponified in a boiling water 
bath for 30 min. When the sample was cool, 7.5 ml of water and 2 ml of 
ethanol were added. The nonsaponifiable fraction containing the cho- 
lesterol was removed by three extractions with 9-ml portions of petroleum 
ether. This extraction procedure removed >99% of the cholesterol. 


The procedure for the precipitation of cholesterol by digitonin was 
based on the method of Zak et al. (22). The digitonin precipitates were 
dissolved by warming in 2.0 ml of absolute methanol. A 1-ml aliquot was 
added to a toluene-based scintillation cocktail containing 2.5-diphen- 
yloxazole (3.92 ghiter) and p-bis(o-methylstyry1)benzene (0.08 g/ 
1iter)S. 


RESULTS AND DISCUSSION 


The incorporation rate of [2-14C]mevalonate into the digitonin-pre- 
cipitated sterols by rat liver homogenates is shown in Fig. 1. Although 
digitonin precipitates all 3-/3-hydroxysterols, this is almost entirely 


~~ 


3 All cofactors were obtained from Sigma Chemical Co. 
New England Nuclear Corp. 
Radioactive samdes were counted on a Packard Tri-Carb liauid scintillation 


spectrometer, modef2425. 


Table I-Effect of Aliphatic Mevalonic Acid Analogs on the 
Incorporation of [2-14C]Mevalonate into Cholesterol by Rat 
Liver Homogenates 


~~ ~ 


Inhibition at 1 mM, % 
Compounda Structure Esterb AcidC 


OH 


1 CH3CHz-C- CHzCOOR 9.6d 29.3 I 
I 


CH3 


CHJ 
I 2 CHJCH,-C=CH COOR 21.0 15.0 


I 
3 CHJCH=C4H2COOCH3 0 0 


CH, 
I 9.5 4 CH~CH~-O-==CHCOOR 41.1 


CH, 
5 I 


Br-CH-COOR 
12.0 


20.8 


a In the text, compounds are identified with a number preceded by an E for an 
ester or an A for an acid. * R = -CH*CHs. c R = H. d Each number represents the 
average of at least two determinations. 


cholesterol in the liver. The incorporation rate was rapid for the first 20 
min of incubation and leveled off by 30 min. By 120 min, -25% of the 
biologically available optical isomer of mevdonic acid was incorporated 
into cholesterol. A 20-min incubation period was chosen for testing the 
inhibitory compounds because this point was at  the end of the period of 
maximal sterol synthesis. 


The effects of 20 mevalonic acid analogs on cholesterol biosynthesis 
from [2-'4C]mevalonate in rat liver homogenates were studied. All 


Table 11-Effect of Aromatic Mevalonic Acid Analogs on the 
Incorporation of [Z-WIMevalonate into Cholesterol by Rat  
Liver Homogenates 


Inhibition at  1 mM, % 
Compounda Structure Esterb Acid' 


OH 


CH,CHz-C --CH$OOR 
I 


7 7.9d 29.5e 


8 


OH 


CH3CHz---C-CH&QClR 
I 
I 


OH 
I 


CICHzCH2- C-CHzCOOR 
9 I 


44.0 


28.2 


Of 


11.0 


In the text, comgounds are identified with a number preceded by E for an ester 
R = H. Each number represents the av- or an A for an acid. 


erage of at least two determinatlons. e Percent stimulation. f Lactone. 
R = -CH2CH3. 
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Table 111-Effect of 5-Substituted Mevalonic Acid Analogs on 
the  Incorporation of [2-14C]Mevalonate into Cholesterol by Rat  
Liver Homoaenates 


Inhibition of 
Acid 


Compound” Structure a t l m M , %  
~~ 


11 @CH~CH,CH,CH,COOH 92.4* 


0 


13 CICH,CH2CH2CH2COOH 15.2 


14 BrCH,CH,CH,CH,COOH 21.0 


0 In the text, compounds are identified with a number preceded by an A for acid. 
b Each number reprwentu the average of at least two determinations. 


compounds were initially tested at a concentration of 1 mM. Table I 
shows the series of analogs with a methyl group at position 3. Removal 
of the 5-hydroxyl group resulted in an effective inhibitor, 3-hydroxy- 
3-methylpentanoic acid (A- I ) .  These data agree, in part, with those of 
Klimov et al. (23,24), which showed that, in a series of mevalonic acid 
analogs with aromatic groups in position 2 or 3, the absence of a hydroxyl 
group in the 5position increased the ability of the compound to inhibit 
cholesterol hiosynthesis from [ *4C]mevalonate in rat liver homoge- 
nates. 


For bacterial and yeast assay systems, Stewart and Woolley (4, 5) 
concluded that the hydroxyl group at position 3 was necessary for highest 
antimevalonic activity. Table 1 shows that this conclusion also applies 
M the rat liver homogenate since several compounds (A-2, A-3, and A-6) 
that have similar structures to the active 3-hydroxyl inhibitor (A.l) ,  but 
lack the 3-hydroxyl group, all showed lower activity. 


Table 1 also shows that alterations of the backbone structure by in- 
troduction of a double bond at position 2 or 3 (A-2 or A-3) reduced in- 
hibitory activity. These results confirm earlier work (3) that was ques- 
tionable because the synthetic procedures used would not necessarily lead 
to the pure isomers and the structures were not proven adequately. On 
the other hand, Klimov et 01. (23) found that a double bond at position 
2 increased the activity compared to a saturated 3-hydroxyl analog. 
However, these data are not directly comparable since all compounds also 
contained an aromatic group at position 2 or 3. 


The substitution of an aromatic group for the %methyl group produced 
inactive acids (A-7 and A-8) (Table 11). In contrast, Klimov et 01. (23) 
found increased activity of %hydroxyl compounds by adding a phenyl 
group to position 2 and/or a tolyl group to position 3. However, these data 
are not directly comparable since different aromatic groups were used. 


In contrast to the: acids, the ethyl esters of these 3-hydroxy-3-aromatic 
compounds showed considerahle inhibitory activity. I n  general, there 
was little relationship between the activity of a compound as an ester and 
its activity as an acid. Compound E-10, resembling mevalonolactone with 
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Figure 2-Znhibition by 5-phenylpentanoic acid (A-1 1) of incorporation 
of [2- 14C]mevalonate into cholesterol by rat liver homogenates. 


a phenyl ring replacing the 3-methyl group, was inactive. 
Table I11 shows several compounds with an aromatic group or halide 


on the 5-carbon, all of which caused inhibition. The most active inhibitor 
was 5-phenylpentanoic acid (A-11), with 92.4% inhibition of cholesterol 
biosynthesis. Of the two 5-halogenated pentanoic acids, the bromo de- 
rivative was more inhibitory. Not all modifications of the 5-position yield 
inhibitors. Humber et al. (25) replaced the 5-hydroxyl group of mevalonic 
acid with a methoxy, ethoxy, or dimethylamino group and found that 
none of the compounds inhibited cholesterol biosynthesis in rat liver 
homogenates a t  concentrations of 1 mh4. 


The relationship between the dose and the effect of the most active 
compound, A-11, is shown in Fig. 2. There was 50% inhibition of choles- 
terol biosynthesis from labeled mevalonate in rat liver homogenates at 
a 0.064 mM concentration. 


The results of this study show that A-11 is a very potent inhibitor of 
cholesterol biosynthesis from mevalonate in rat liver homogenates. Other 
investigators (3-6, 23, 24) tested mevalonic acid analogs that were ef- 
fective inhibitors a t  concentrations of 21 mM. Compound A-11 showed 
significant inhibition of 20% at 0.01 mM, a 100-fold difference. The only 
compounds that rival its activity are 3,5-dihydroxy-3-fluoromethyl- 
pentanoic acid (26) and 3-hydroxy-3-methyl-6-phosphonohexanoic acid 
(71, which caused 50% inhibition of mevalonic acid metabolism at  0.07 
and 0.145 mM, respectively. 
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Table 11-Tissue I Concentrations (Microarams Der Gram) in Beagle DOES that  Received 3.8 e/ke intratracheallv 


Dog Number, Thoracic Mesenteric 
Sex, and Weight (kg) Lung Fat Lymph Lymph Bile Adrenals Ovaries Testes 


~ ~~ 


1 Week 
1, M, 10.4 0.01 6.5 0.30 0.70 
2, M, 9.2 0.01 0.96 0.26 0.09 
3, F, 7.3 0.01 2.5 0.31 0.11 
4, F, 8.6 <MQL 0.86 <MQL 0.14 


2 Weeks 


<MQLa 
<MQL 
<MQL 
<MQL 


0.11 - 
0.12 - 


0.07 <MQL 
0.05 <MQL 


<MQL 
0.01 
- 
- 


- __.._ 


5, M, 10.0 <MQL 0.67 <MQL 0.28 


7, F, 8.2 <MQL 0.16 <MQL 0.02 
6, M, 9.3 <MQL <MQL <MQL <MQL 


8, F, 6.6 <MQL 0.67 0.03 0.05 


<MQL 
<MQL 
<MQL 
<MQL 


<MQL - 
<MQL - 


<MQL <MQL 
<MQL - b  


<MQL 
<MQL 


4 Weeks ~ . _.__ 


9, M, 10.7 <MQL <MQL <MQL <MQL <MQL <MQL - <MQL 
10, M, 9.9 <MQL <MQL <MQL <MQL <MQL <MQL - <MQL 
11, F, 8.2 <MQL <MQL <MQL <MQL <MQL <MQL <MQL - 
12, F, 6.9 <MQL 0.06 <MQL <MQL <MQL <MQL <MQL - 


Mean minimum quantifiable level (MQL) was 0.01 K g / g .  * No sample. 
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Abstract An animal model was sought that would mimic humans with 
regard to the dose-dependent pharmacokinetics of prednisolone. Four 
rabbits were each given 0.5 and 10 mg iv of prednisolone, and timed blood 
samples were obtained. Plasma prednisolone and prednisone concen- 
trations were assayed by high-performance liquid chromatography, and 
protein binding was assessed using equilibrium dialysis a t  3 7 O .  Increases 
in the systemic clearance, volume of distribution at  steady state, mean 
residence time (in three of four rabbits), and variance of residence time 
occurred as dose was increased. As in humans, prednisolone was partly 
converted to prednisone in the rabbit. Transcortin and albumin con- 
centrations and their affinity constants for binding prednisolone were 
also similar to humans. 


Keyphrases 0 Prednisolone-dose-dependent protein binding and 
pharmacokinetics, rabbits 0 Binding, protein-prednisolone, pharma- 
cokinetics, rabbits Pharmacokinetics-prednisolone, protein binding, 
rabbits 


Prednisolone and its pharmacologically inactive pro- 
drug, prednisone, are synthetic glucocorticoids widely used 
in the treatment of various disease entities including 
asthma, shock, and nephrotic syndrome. Jusko and Rose 
(1) demonstrated nonlinear pharmacokinetics of these 


compounds in humans, characterized by increases in their 
total plasma clearance with increases in dose. Furthermore, 
the serum protein binding of prednisolone is nonlinear a t  
therapeutic serum concentrations owing to the existence 
of two binding proteins (2). This binding appears to ex- 
plain most, but not all, of the nonlinearity in prednisolone 
pharmacokinetics in humans (1). 


To assess mechanisms contributing to this nonlinear 
disposition, an animal model is needed that mimics hu- 
mans with regard to the serum protein binding and dis- 
position of prednisolone. The serum protein binding of 
prednisolone was previously examined in rat, rabbit, ca- 
nine, and human serum (3), with the rabbit being most like 
the human in type and degree of nonlinear binding. This 
study further evaluated the rabbit as an animal model for 
dose-dependent disposition of prednisolone. 


EXPERIMENTAL 


Methods-Four New Zealand White rabbits, 3.0-3.9 kg, received 0.5- 
and 10-mg iv equivalent doses of prednisolone as the sodium succinate. 
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Figure I-Serum concentration versus time profiles of prednisolone 
(0,O) and prednisone (O,.) after 0.5 mg ofprednisolone (0,O) and 
10 mg of prednisolone (0, W) intravenously i n  Rabbit 2. 


A balanced crossover design was used, with 2 weeks between crossover. 
Rabbit body weight did not change appreciably over the experimental 
period. The drug was administered into the lower left marginal ear vein 
over 15 sec. Blood samples (-3 mi) were obtained from the right lower 
marginal ear vein just prior to dosing and at  0.08,0.17,0.25,0.5,0.75,1, 
2,3,4,6,  and 8 hr following drug administration. 


Sample Analysis-Serum samples were analyzed for prednisolone 
and prednisone using the high-performance liquid chromatographic 
(HPLC) technique described earlier (4). Serum protein binding of 
prednisolone was evaluated at 37O by equilibrium dialysis with [3H] - 
prednisolone. Details of the protein binding technique and data analysis 
were presented previously (3). 


PharmacokineticsThe area under the curve for prednisone (AUCp) 
and prednisolone (AUCp,,), the systemic clearance (&), mean residence 
time ( M R T ) ,  variance of the residence time ( V R T ) ,  and volume of dis- 


Figure %-Systemic clearance 
(&) of prednisolone as a func-  
t ion of dose. T h e  stippled lines 
connect c l ~  values from the same 
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Figure 3-Rabbit c1T values (animal scale-up) and Vs values compared 
to those observed in humans. The  solid and open symbols i n  the  rabbit 
data represent values from the low and high dose studies. Human data 
are from Rose et al. (6). 


tribution at  steady state (Vg)  were obtained through use of the LAGRAN 
computer program, which provides model-independent estimates of these 
pharmacokinetic parameters based on area/moment analysis'. 


The free drug clearance ( C l ~ , f ~ = )  and the transcortin (CBG) free drug 
clearance (C~T,CBG.~,~~)  of prednisolone were computed using: 


Ch,free = dose/AUCpn,free (Eq. 1) 


ClT,CBG-free = doSe/AUCPn,CBG-free (Eq. 2) 


where AUCpn,free and AUCpn,c~~.free are the areas under the serum 
concentration versus time curves of free and CBG-free prednisolone. 


Approximate extraction ratios of prednisolone by kidney ( E K )  and liver 
(EL)  tissues were obtained as the ratio of to kidney plasma flow ( Q K )  
and liver plasma flow (QL). The values of QK and QL used in the com- 
putation were 55 and 70 ml/min (5). 


RESULTS 


Prednisolone Disposition-Typical serum concentration-time 
profiles for prednisolone and prednisone after low and high doses of 
prednisolone are presented for Rabbit 2 in Fig. 1. Prednisolone disposition 
was biphasic in nature, with metabolism of prednisolone to prednisone 
occurring at  each dose. The systemic clearance of prednisolone (C~T) a t  
the two doses is shown in Fig. 2. A significant increase ( p  < 0.02) in C1T 
occurred with the increase in dose. The mean (*SO) CIT values after low 
and high intravenous doses were 1.72 (f0.48) and 2.25 (f0.52) ml/min, 
respectively. The approximate EK and EL values obtained using the mean 
c1T values were 0.036 and 0.028, respectively. There was no dose de- 
pendence in prednisolone clearance when corrected for albumin and 


- 
0 


- 0 


8 - 0 
0 0  


0 -9 
0 - 


HUMAN RABBIT HUMAN RABBIT 


Figure 4-Rabbit c1T and Vg values for unbound prednisolone com- 
pared to human  values (corrected for animal scale-up). T h e  solid and 
open symbols i n  the rabbit data represent values from the low and high 
dose studies. Human data are from Rose et al. (6). 
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Table I-Essential Characteristics of Prednisolone Disposition 


CBG-Free 
Total Drug Volume of 


Plasma Free Drug Clearance, Distribution Mean Variance of 
Body Clearance, Clearance, ClT, CBGfre., at Steady Residence Residence 


Rabbit kg mg hr/kg liters/hr/kg hr/kg AUCpIAUCp, Vg, l i tedkg M R T ,  hr V R T ,  hr 
Weight, Dose, CLT, liters/ ClT,free, liters/ State, Time, Time, 


" 


i s -  
r 


z 


a 
k -  
00 


z -  
m 
z 
5 2 -  
% 
s -  


I- 
2 


2 


g 4-  
0 


I- 


2 


F 


1 3.2 0.5 0.75 6.59 1.27 0.040 0.44 0.59 0.39 
3.2 10.0 0.92 5.31 1.03 0.028 0.84 0.92 1.38 


2 3.4 0.5 0.51 3.94 0.87 0.060 0.46 0.89 1.16 
3.4 10.0 0.64 3.32 0.74 0.052 0.79 1.23 2.18 


3 3.9 0.5 0.35 1.85 0.54 - 0.10 0.29 0.11 
3.9 10.0 0.56 2.20 0.65 0.044 0.32 0.57 0.68 


4 3.0 0.5 0.46 4.3 0.95 - 0.44 0.95 1.14 
3.0 10.0 0.56 2.8 0.63 0.076 0.51 0.91 1.51 


Significancen 
(between doses) - p < 0.02 NS" NS - p < 0.05 NS p < 0.02 


8-  


6 -  


(I NS = not significant. 


transcortin binding (ClT,free) nor in the clearance corrected for only 
transcortin binding (ClT,CBG-free) (Table I). 


Significant increases in the volumes of distribution at steady state (Vg)  
and the variance of residence time ( V R T )  were observed at  the higher 
prednisolone dose. In contrast, the mean residence time ( M R T )  increased 
with dose in only three of four rabbits. This total change in M R T  was not 
statistically significant (Table I). 


Figure 3 illustrates vg and CIT using animal scale-up corrections (5) 
for the rabbit compared to the human (6). There was no significant dif- 
ference in the C ~ T  values between species. In contrast, V g  values were 
significantly higher in the human than in the rabbit ( p  < 0.01). Com- 
parison of c1T and Vg for unbound prednisolone between humans and 
rabbits using animal scale-up corrections demonstrated no significant 
species difference in VS,  while the c1T values for free prednisolone were 
significantly higher in the rabbit ( p  < 0.05) (Fig. 4). 


Protein Binding-A plot of percent bound versus postequilibrium 
dialysis serum prednisolone concentrations for a rabbit is presented in 
Fig. 5. The mean ( fSD)  serum albumin concentration and the binding 
affinity constant obtained from computer fitting of the binding data (2) 
were 5.51 (f0.46) X M and 6.24 (f1.5) X lo3 M-l,  respectively. The 
mean ( fSD)  transcortin concentration and binding affinity constant, 
also obtained through computer fitting, were 4.70 (f2.4) X M and 
2.84 (JI2.16) X lo7 M-l ,  respectively. The binding parameters obtained 
in each rabbit are compared in Figs. 6 and 7 with values obtained from 
a study (6) performed in normal healthy volunteers. 


DISCUSSION 


The pharmacokinetic parameters derived from these disposition 
studies are dose and time average values since the disposition of pred- 
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Figure 5-Percent of prednisolone bound versus postdialysis serum 
prednisolone concentration after low (0) and high (0) intravenous 
prednisolone doses. The  solid line represents the nonlinear least-squares 
regression line for the protein binding data using a modified Rosenthal 
relationship for two classes of binding sites (see Ref.  2). 


nisolone is nonlinear, as indicated by the increase in C ~ T ,  Vg, M R T ,  and 
V R T  with dose. Interconversion between these corticosteroids occurs 
as well, providing an additional confounding influence on the phar- 
macokinetic parameters obtained in the present investigation. Such in- 
terconversion of prednisone and prednisolone was demonstrated in hu- 
mans (1.6) and in the isolated perfused rat kidney (7). The increases in 
C1T and V g ,  as well as the formation of prednisone after intravenous 
doses of prednisolone, are all characteristic of the disposition of this 
steroid in humans (1). Corrections of c1T for total protein binding and 
transcortin binding partially eliminates the differences in c1T between 
low and high doses of prednisolone. This result also was observed in the 
human and suggests that nonlinear protein binding largely produces 
dose-dependent changes in c 1 ~  (6). 


The dose-dependent increase in VgDs is consistent with the changes in 
protein binding that occur as a function of serum prednisolone concen- 
tration (Fig. 4). High prednisolone doses produce higher initial serum 
concentrations. The reduced binding of prednisolone at these high con- 
centrations (Fig. 4) results in increased distribution of prednisolone to 
tissues, as reflected by an increase in Vg.  


Further support for the importance of protein binding in prednisolone 
disposition is provided by the low extraction ratios of prednisolone by 
the kidney and liver, suggesting that only drug not bound to serum pro- 
teins is available to these tissues (i.e., restrictive clearance). The ex- 
traction ratios calculated in the present investigation are overestimates 
of the true extraction ratios since total and not individual organ clear- 
ances were used. The EK value, however, agrees very well with those 
(mean = 0.044) obtained during prednisolone perfusion in isolated rat 
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Figure 6-Serum transcortin concentrations and binding affinity 
constantsforprednisolone in the rabbit and in normal healthy human 
volunteers (from Ref.  6). 
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Figure 7-Serum albumin concentrations and binding affinity con- 
stants for  prednisolone in the rabbit and in normal healthy volunteers 
(from Ref. 6). 


Adolph (8) demonstrated that many metabolic and physiological 
properties among mammals are proportional to some exponential power 
of their body weight, and Dedrick (9) indicated that the exponent is 
usually in the 0.7-0.8 range. Excellent agreement between humans and 
rabbits was observed in the Clr values normalized for weight raised to 
the 0.7 power (Fig. 3). In addition, Vs,S values, although significantly 
different between species, are in the same general range. The absence of 
significant interspecies differences in Vs,B for unbound prednisone (cor- 
rected for animal scale-up) (Fig. 4) suggests that differences in binding 
between species accounts for the differences in Vs,B observed for total drug. 
The significantly higher free C ~ T  in the rabbit (Fig. 4) should not be a 
major complication in its use as a model since the interspecies difference 
in this parameter is not large. While the doses used for these comparisons 
are not equivalent, the dose range examined in the rabbit (0.15-2.98 
mg/kg) encompasses the dose (0.52 mg/kg) employed in the human 
studies (6). This comparison establishes that the normalized C ~ T  and Vs,B 
values in the rabbit are reasonably similar to those observed in humans 
and further demonstrates the applicability of the rabbit in mimicking 
prednisolone disposition in humans. 


The relative changes in C ~ T  and VS; with prednisolone dose are greater 
in the human than in the rabbit. Rose et al. (6) observed that both c1T 
and Vfj approximately doubled over an eightfold dose range. The relative 
increases in C ~ T  and Vs,S with dose in the present study averaged 33 and 
10270, respectively. These increases were observed over a 20-fold dose 
range. The lesser magnitude of the changes in C ~ T  and Vs,B in the rabbit 


may be due to less pronounced nonlinearity of prednisolone plasma 
binding (2). 


The apparent increase in M R T  (in three of the four rabbits studied) 
at the higher dose directly reflects an increase in the average persistence 
time of prednisolone in the body. The fractional increase in Vs,B at the 
higher dose exceeds the relative increase in C ~ T  that occurs as the dose 
is increased. Since MRT = Vs,S/ClT, the net effect of these changes is an 
increase in MRT. The increase in VRT with dose indicates a wider spread 
of residence time of the mass of drug molecules a t  the higher dose. This 
finding appears to be congruous with the enhanced CIT and the larger 
Vs,S that occur a t  the higher dose. Increases in C ~ T  serve to diminish the 
residence time of prednisolone, while more extensive tissue distribution 
of prednisolone prolongs the residence time. Concomitant increases in 
each of these processes would increase the variance (spread) of the resi- 
dence times of the drug molecules. 


The transcortin and albumin serum concentrations and affinity con- 
stants for prednisolone binding in rabbits are in the same general range 
as those determined in normal healthy volunteers after the 40-mg iv dose 
of prednisolone phosphate (Figs. 6 and 7). This finding confirms the 
similarity in prednisolone binding between human and rabbit reported 
previously (3). The apparent superposition of the binding data after low 
and high prednisolone doses suggests that prednisolone does not compete 
with prednisone or other metabolites for protein binding sites on tran- 
scortin and albumin. The concentrations of these potential displacers 
is higher after larger prednisolone doses. Competitive binding studies 
are required, however, to definitively ascertain whether such competition 
actually occurs. 


In conclusion, the rabbit appears to be a suitable model for predniso- 
lone disposition in humans. This species is also desirable from a technical 
standpoint in that blood samples are easily obtainable and may be taken 
in sufficient volume to permit examination of serum prednisolone protein 
binding in addition to HPLC assay for total serum prednisolone and 
prednisone concentrations. 
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Technique for Preparing Appendage-Free 
Skin (Scar) on Hairless Mouse 


Keyphrases Scar tissue-technique for preparing appendage-free 
skin on the hairless mouse Burns-examination of scar tissue, tech- 
nique for preparing appendage-free skin on the hairless mouse 
Skin-technique for preparing appendage-free skin on the hairless 
mouse, examination of scar tissue 


To the Editor: 
Scar formation is, minimally, a reconstruction of skin 


that has undergone total destruction of its epidermal ele- 


side by side with normal skin. To do this study with the 
least possible complications, experimental wounds need 
to be developed that result in scarring but that also rep- 
resent minimal damage and restructuring of the dermal 
matrix. 


Many researchers have developed methods to produce 
experimental wounds in laboratory animals. These pro- 
cedures include excision of surface tissues (2-7), branding 
(&lo), severe chemical burning (ll), thermal burning (12), 
and X-ray and UV irradiation (13, 14). The major em- 
phasis of these investigations has been to study the healing 
process; the end result, the scarred surface, has been of only 
incidental concern. Where scar tissue has been purpose- 
fully studied histologically and otherwise, tissue samples 
normally have been of etiological rather than of experi- 
mental origin (15,16). Therefore, we attempted to develop 
a simple reliable technique to produce scars with minimal 
dermal involvement in small laboratory animals for the 
purpose of studying the physicochemical (barrier) prop- 
erties of scar tissue itself. 


Male hairless mice*, 60-80 days old, were anesthetized 
with methoxyfluranez, and their dorsal surfaces were 
scalded using a previously reported technique (17). Es- 
sentially, the dorsal surface of an animal was immersed for 
30 sec in water maintained at  60’. These conditions were 
chosen because they produce a borderline full-thickness 
burn on hairless mouse skin (17) and are routinely used to 
separate epidermis from dermis in preparing epidermal 
membranes for mass transfer studies (18). A t  the outset, 
the conditions appeared to be at  or near the threshold to 
accomplish the stated goal. 


The scalded mice were placed on a table with the burned 
surfaces exposed. An area was marked on the traumatized. 
dorsal surface roughly approximating 6-8 cm2 of the body 
surface area. With the blade of a spatula, the epidermis was 
scraped off the surface. Occasionally, the epidermal layer 
was separated as a single piece, but.it usually came off in 
fragments. The blade was moved back and forth on the 
exposed skin several times, exposing the outlines of su- 
perficial blood vessels. The skin was uniformly erythe- 
matous. The animals‘ then were returned to individual 


ments through disease or physical trauma (1). Since epi- 
dermal elements such as hair follicles often penetrate 
deeply into and beyond the dermal structure, significant 
repair of dermal and subdermal damage also is associated 
with the appearance and function of the scarred surface. 
When cells of epidermal origin are obliterated within the 
surface, including those deep within the follicular invag- 
inations, the epidermis of a small wound is repaired by 
lateral migration of cells from its periphery. Based on 
histological examination of actual injuries, an epidermal 
structure is formed, which, as a minimally functional re- 
newed surface, is without normal skin lines and is devoid 
of pilosebaceous and eccrine appendages. It has a flattened 
interface with the dermis. The dermis is repaired by fi- 
broblasts that appear in large numbers in the wound. De- 
pending on the nature and extent of the damage, the scar 


An appendage-free structure such as scar tissue should 


.may be Or depressed and is usually schlerotic (hard) Figure l-ffistological appearance of the hairless mouse normal 
due to the synthesis of new collagen. skin. 


be usefd for sorting out transfollicular and transepidermal SKH-hr-l strain, Skin Cancer Hospital, Philadelphia, Pa, contributions to percutaneous absorption by studying it 2 Metofane, Pitman-Moore, Washington Crossing, N.J. 
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Figure 2-Histological appearance of scar tissue obtained -3 months 
post burn. post burn. 


Figure 3-Histological appearance of scar tissue obtained -4 months 


cages and were supplied food and water ad libitum. 
The traumatized animals were examined daily. A clearly 


defined wound was evident on the 1st day after inflicting 
the burn. In 1 week, a thick eschar covered the affected 
area. This eschar desiccated gradually and finally sloughed 
by about the 4th week postburn. The newly exposed sur- 
face appeared smooth and pinkish and refracted light in 
a manner typical of scarred surface. The scarred area was 
substantially contracted relative to the initial area from 
which the epidermis was removed. The wounds appeared 
to heal inward from thin margins, a process typical of 
full-thickness wound reepithelialization. 


For purposes of histological examination, mice were 
sacrificed by spinal cord dislocation. Small scar biopsies 
were taken, and microscopic slides were prepared using 
standard hematoxylin and eosin staining techniques. 
Figure 1 represents the normal skin of the hairless mouse, 
and Figs. 2 and 3 represent the scar tissues obtained -3 
and 4 months, respectively, after inflicting the wound. The 
normal skin has a distinct epidermis and dermis containing 
loosely arranged connective tissue and numerous cystic 
pilosebaceous glands extending through the epidermis. 
The epidermaklermal junction is convoluted. This normal 
slide can be contrasted to the 3-month-old burn scar (Fig. 
2), which evidences a somewhat thickened epidermis and 


a more compact dermis (greater cellulosity and deposited 
collagen). The absence of the cystic pilosebaceous glands 
is notable, as is the flatness of the epidermal-dermal in- 
terface. Both features are typical of a scarred surface. The 
4-month-old scar (Fig. 3) is less cellular with compact 
dermal collagen, a more developed stratum corneum, and 
a thinner viable epidermis, all features normally associated 
with a mature scar. 


In separate experiments, attempts were made to produce 
scarring on the Swiss mouse and the rat. A similar proce- 
dure was employed with one minor variation. Before 
burning the skin for 30 sec at 60°, the anesthetized animal's 
dorsal surfaces were scalded briefly (60') for - 5 sec, and 
all hair was plucked by hand. However, in these animals, 
the surface healed without scarring and with only a slight 
decrease in the density of hair. The necrotizing conditions 
apparently were not sufficient to destroy epidermal cells 
seated deeply on the follicular islands upon burning of 
these pellaged species. Rather, their more prominent, more 
deeply anchored hair follicles provided for survival of cells 
capable of regenerating a normal-appearing integument. 


The methodology described produces the desired result 
in the hairless mouse'. A scar tissue is obtained that is 
being used to study permeation and other properties of 
skin devoid of its usual appendages. These studies should 
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reveal the impact of scar formation on the bioavailability 
of drugs and irritants applied topically over the scarred 
surface. 
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REVIEWS 


Controlled Release of Bioactive Materials. Edited by RICHARD 
BAKER. Academic, 111 Fifth Ave., New York, NY 10003.1980.473 
pp. 15 X 23 cm. Price $34.50. 
This book constitutes a collection of 27 papers delivered at  the sixth 


International Symposium on Controlled-Release Materials in New Or- 
leans in 1979. The first 12 papers deal with various aspects of controlled 
drug delivery systems. 


In the first paper, Heller and Baker review the theory and practice of 
controlled drug delivery from biodegradable polymers. The mechanisms 
of drug release from these polymers are discussed in depth, and several 
illustrative examples are presented. Applications of biodegradable 
polymers are discussed further in the ensuing two papers by Pitt et al. 
and Petersen et al. 


In the fourth paper, Theeuwes and Echenhoff present the applications 
of osmotic drug delivery systems. The design and experimental perfor- 
mance of two osmotic devices are described. The generic osmotic pump 
(Alzet) is designed to deliver the contents of 170 p1 at  the rate of either 
1 plhr  over a 1-week period or 0.5 p l h r  over 2 weeks. The other device 
is the elementary osmotic pump, which is generally fabricated in the 
shape of a tablet, with a single-delivery orifice. A paper by Chandrasek- 
aran and Shaw is concerned with controlled, transdermal drug de- 
livery. 


Other papers of pharmaceutical interest deal with polymers that in- 
clude poly(1actic acid) and the hydrogels. Rhine and coworkers present 
a new approach to achieve zero-order release kinetics from diffusion- 
controlled polymer matrix systems. The theoretical basis for these ki- 
netics is presented as is a comparison of kinetics from matrix devices of 
other geometries. 


The second half of the book is concerned essentially with topics not 
directly related to drug delivery systems. Controlled-release systems 
containing insecticides, molluscicides, and plant growth regulators are 
discussed and described. Implantable systems for the delivery of insect 
growth regulators to livestock are evaluated by Jaffe and coworkers. The 
basic technology used to design several of these systems is very similar 
to drug-containing devices. 


This book is a collection of high quality research papers, prepared by 
scientists in widely different fields. As such, the book is highly recom- 
mended for both academic and industrial pharmaceutical scientists, 


chemists, biologists, and chemical engineers who have an interest in 
controlled-release technology. 


Reviewed by James W. McGinity 
College of Pharmacy 
Uniuersity of Texas at Austin 
Austin, T X  78712 


British National Formulary 1981: Number 1. The Pharmaceutical 
Press, 1 Lambert St., London, SE17JN, England. 1981.387 pp. 12 X 
23 cm. Price E3.80 
The British National Formulary is designed for use by doctors, 


pharmacists, and nurses in the National Health Service in the United 
Kingdom. Unlike earlier editions that were published every 2 or 3 years 
and contained only those drugs and preparations having the confidence 
of the Joint Formulary Committee, the 1981 edition is an outgrowth of 
the Committee’s response to requests for a wider coverage of drugs 
available in the United Kingdom and more detailed guidance in pre- 
scribing and dispensing. 


This new edition provides more descriptive information to assist the 
prescriber in selecting the appropriate treatment for a particular patient. 
A double-column format was followed to accommodate the increased 
volume of information and to allow the book to “still tit into the doctor’s 
pocket.” 


The BNF begins with sections on Guidance on Prescribing and 
Emergency Treatment on Poisoning. The main text consists of classified 
notes divided into 15 chapters: Gastro-intestinal System; Cardiovascular 
System; Respiratory System; Central Nervous System; Infections; En- 
docrine System; Obstetrics and Gynaecology; Malignant Disease and 
Immunosuppression; Nutrition and Blood; Musculoskeletal and Joint 
Diseases; Eye; Ear, Nose, and Oropharynx; Skin; Immunological Products 
and Vaccines; and Anaesthesia. Each chapter begins with appropriate 
notes for prescribers to facilitate selection of suitable treatment followed 
by detailed monographs of the relevant drugs and preparations (indi- 
cations, contraindications, cautions, side-effects, doses, dosage forms, 
routes of administration, and relative prices). Drugs appear under their 
pharmacopoeia1 titles or British Approved Names and are listed alpha- 
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Antiproliferative Activity of Doxorubicin and 
Aminoanthraquinone Derivatives on 
Chinese Hamster Ovary Cells 
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Abstract 0 A study of the antiproliferative activity of doxorubicin and 
several substituted aminoanthraquinone derivatives on Chinese hamster 
ovary cells was conducted. Doxorubicin and a derivative each inhibited 
cell proliferation at  low concentrations, the latter being more potent than 
doxorubicin. A structure-activity relationship of these compounds is 
discussed in connection with an earlier postulated N-0-0 triangulation 
hypothesis. 


Keyphrases Aminoanthraquinone derivatives-synthesis and eval- 
uation for antiproliferative activity, Chinese hamster ovary cells EI 
Doxorubicin-substituted aminoanthraquinone derivatives synthesized 
and evaluated for antiproliferative activity, Chinese hamster ovary cells 
t~ Antiproliferative activity-aminoanthraquinone derivatives synthe- 
sized and evaluated for activity in Chinese hamster ovary cells Struc- 
ture-activity relationships-substituted aminoanthraquinone derivatives 
synthesized and evaluated for antiproliferative activity 


Based on a working hypothesis involving the recognition 
of a common N-0-0 triangular pharmacophore among 
several antineoplastic agents (1, 2), 1,4-dihydroxy-5,8- 
bis([2 - (2 - hydroxyethyl)amino]ethyl)amino - 9,lO- anth - 
racenedione (I) was synthesized and found to possess 
outstanding antineoplastic activity in several experimental 
tumor systems (3, 4). Recently, a number of structural 
modification (5, 6), structure-activity (5, 7), pharmaco- 
logical (7, 81, mechanistic (9, lo), and clinical trial (11) 
experiments were conducted. Since several analogs of I 
exhibited antineoplastic activity in uiuo but do not contain 
the entire N-0-0 triangular pattern, an in uitro study of 
their antiproliferative activity on Chinese hamster ovary 
cells was undertaken to obtain additional structure-ac- 
tivity relationship information. 


EXPERIMENTAL 


Chemical Agents-Seven compounds, including the antibiotic dox- 
orubicin' (11), were evaluated. Preparation of I, IIIa, IV, and V was re- 
ported previously (3,5). 


Preparation of l-Amino-5,g-bis { [2-(2-hydroxyethyl)amino]ethyl)- 
amino-9J0-anthracenedione (IIIb)-To a mixture of 8 g (0.031 mole) 
of 5-amino-2,3-dihydro-1,4-dihydroxy-9,lO-anthracenedione (prepared 
by the reduction of 5-nitro-1,4-dihydroxy-9,lO-anthracenedione in zinc 
and acetic acid) in 55 ml of 2-propanol a t  50" was added 30 g (0.29 mole) 
of 2-[(2-aminoethyl)amino]ethanol with mechanical stirring under ni- 
trogen. The resulting reaction mixture was stirred at 50" for 4.5 hr, during 
which time a precipitate formed. The mixture was cooled to room tem- 
perature and filtered. 


The solid was washed with 2-propanol and ether and dried to give 8.3 
g (60% yield) of the dihydro analog of the target compound, l-amino- 
5,8-bs( [ 2 - (2 - hydroxyethy1)aminol ethyllamino -9,lO- dihydroxyanthracene, 
as gold-colored plates. Recrystallization from 2-propanol yielded an 
analytical sample, mp 135-145' dec.; UV: A,, (0.1 N HCl) 488 (t 9800), 
460 (15,300), 435 (11,700), and 252 (25,200) nm; Ash (0.1 N HCl) 280 (t 
17,000) nm. 


Anal.-Calc. for C Z Z H ~ I N ~ O ~ :  C, 61.52; H, 7.28; N, 16.31. Found: C, 
~~ ~ ~ 


Supplied by Dr. Harry B. Wood, Jr., National Cancer Institute. 


A 
I 


I1 
H 


A 
IIIa: X = H 
IIIb: X = NH, 
IIIc: X = OH 


IV V 
61.35; H, 7.11; N, 16.12. 


The mother liquor from the initial filtration was allowed to stir un- 
covered for 10 days at room temperature. The solution gradually turned 
dark blue and deposited a blue gummy solid. Filtration of this material 
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Figure 1-Cell counts and cell-sizing data for I. The data were stored 
and processed in a microprocessor. Every point of each line represents 
the average value of I on triplicate cultures. Key: -, control; - -, 1000 
nM; 


and recrystallization from a mixture of methanol and 2-propanol gave 
0.5 g (4% yield) of IIIb as a dark blue-black amorphous powder, mp 
131-141' (dampening at  110O); U V  X,, (0.1 N HC1) 634 (e 14,400), 590 
(13,500), and 252 (27,500) nm; &h (0.1 N HCl) 550 (t 7500) and 272 
(14,500) nm. 


Anal.-Calc. for C22H2gN504: C, 61.81; H, 6.84; N, 16.38. Found: C, 
61.53; H, 6.81; N, 16.04. 


Compound IIIb could be obtained also from the dihydroanthraquinone 
product as follows. To 100 ml of refluxing nitrobenzene with magnetic 
stirring was added 5.0 g of the dihydroanthraquinone. After 20 min, the 
reaction mixture was allowed to cool, and 200 ml of ether was added. 
Filtration and drying of the solid product gave 3.4 g of IIIb. 


Preparation of 1 -Hydroxy-B,d-bis 1 [2- (2-hydroxyethyl) aminoleth- 
yllarnino-9,lO-anthracenedione (lllc)-To 30 g (0.29 mole) of 2-[(2- 
aminoethyl)amino]ethanol at  room temperature under nitrogen was 
added 8.5 g (0.033 mole) of 1,4,5-trihydroxy-2,3-dihydroanthraquinone 
in one portion with stirring. A slight exothermic reaction developed. The 
reaction mixture was stirred at room temperature for 3 hr and then was 
warmed at 50' for 1 hr. To this mixture was added 250 ml of 2-propanol, 
and the dark solution again was warmed to 50'. Air was bubbled into the 
reaction mixture for 4 hr a t  that temperature, and then it was cooled to 
30' and filtered. 


The solid was washed with 2-propanol followed by ether to give 4.0 g 
(28% yield) of IIIc, mp 118-122'. A second crop of 3.7 g (26% yield) was 
collected by addition of 400 ml of ether to the mother liquor. Recrystal- 
lization from propanol-ether gave an analytical sample of IIIc as a 
dark-blue amorphous powder, mp 120-125'; U V  Xmax (0.1 N HCl) 636 
( E  9500),593 (10,300), and 240 (23,800) nm; (0.1 N HCI) 550 (6 6200) 
and 270 (11,900) nm. 


Anal.-Calc. for CzzHz8N405: C, 61.67; H, 6.59; N, 13.08. Found C, 
61.65; H, 6.69; N, 13.09. 


Biological Methods-Chinese hamster ovary cells2 were grown in a 


200 nM; and -.-, 10 nM. 
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Figure 2-Cell counts and cell-sizing data for 11. Every point of each 
line represents the average value of I1 on triplicate cultures. Key: -, 
control; --, 1000 nM; ....., 200 nM; and ---, 10 nM. 


2 Supplied by Dr. Don Roufa, Kansas State University, Manhattan, Kans. 
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Figure 3-Cell counts and cell-sizing data for IIIa (top), I l lb  (middle), 
and IIIc (bottom). Every point of each line represents the average value 
of triplicate cultures. Key: -, control; - -, 1000 nM; ....., 200 nM; and 
-'-, 10 nM. 
medium3 supplemented with 10% newborn calfserum4, selenium (30 nM), 
and insulin (10 ng/ml) and contained twice the glucose concentration (4 
g/liter). 


Cells were cultured a t  a concentration of 1-2 X 105 cells/dish in 1 ml. 
All drug concentrations were in triplicate cultures. After overnight in- 
cubation, drugs were added and cultured for an additional 24 hr. Cells 
were trypsinized, diluted with the counting fluid, and analyzed with 
electronic cell-counting and cell-sizing equipment5. 


Data from 100 channels were stored on microprocessor disks and an- 
alyzed. Each line of the graphs (Figs. 1-5) represents the average of values 
obtained from triplicate cultures. The ordinate is expressed as the number 
of cell counts. The data from the cell-sizing equipment were calculated 
so that the abscissa represents cell diameter in micrometers. Hence, the 


Roswell Park Memorial Institute 1640; obtained from KC Biological, Lenexa, 


Isoton solution, a ZBI cell counter, and a 100-channel Channelyzer were ob- 


Kans. 


tained from Coulter Electronics, Hialeah, Fla. 


* KC Biological, Lenexa, Kans. 
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Figure &-Cell counts and cell-sizing data for IV. Every point of each 
line represents the average value of IV on triplicate cultures. Key: -, 
control; - -, 1000 nM; -., 200 nM; and ---, 10 nM. 


data for each graph are given in terms of the number of cells for a given 
cell diameter. 


RESULTS 


Cell counts and cell-sizing data for I and doxorubicin (11)  are shown 
in Figs. 1 and 2, respectively. A t  1000 nM (1 X M), both I and I 1  in- 
hibited cell proliferation and shifted the population toward larger cells. 
In addition, I inhibited cell replication in concentrations as low as 10 nM, 
whereas I 1  did not. However, at 10 nM I ,  the size distribution indicated 
a return to cells of a smaller diameter. Moreover, 10 nM I (72% of controls) 
was significantly lower than 200,50, and 10 nM 11, using Duncan's new 
multiple-range test a t  the 0.01 level of significance. 


Compounds IIIc (Fig. 3) and IV (Fig. 4) showed activity comparable 
to 11; i.e., they were inhibitory at concentrations of 50 and 200 nM but 
not at 10 nM. At 200 and lo00 nM, IIIc and IV demonstrated that cell-size 
distributions shifted to a larger diameter. 


Under similar culture conditions, V (Fig. 5), IIIa, and IIIb were much 
less effective, showing no statistically significant inhibition of cell pro- 
liferation compared with controls (Table I). 


DISCUSSION 


Although both I and IIIa were reported to possess an inhibitory effect 
on cell survival and cell cycle progression in cultured mammalian cells 
(12-14), I appeared to be 200 times more potent than IIIa in vitro (12). 
Consequently, I and related aminoanthraquinones, as well as doxorubicin 
(111, were studied at concentrations between 1000 and 10 nM and the 
following results were obtained: 


1. Compound I was significantly inhibitory to Chinese hamster ovary 
cell proliferation at  concentrations as low as 10 nM I (Fig. 1). 
2. Doxorubicin exhibited inhibitory activity as low as 50 nM (Fig. 


21. 
3. The other ring-dihydroxylated bis(aminoalky1amino)-substituted 
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Figure 5-Cell counts and cell-sizing data for V. Every point of each 
line represents the aoerage value of V on triplicate cultures. Key: -, 
control; --, 1000 nM; ....., 200 nM;and ---, 10nM.  


Table I-Antiproliferative Activity of Doxorubicin (11) and 
Analogs against Chinese Hamster Ovary Cells 


Concen- 
Com- tration, Total Volumen Percent of 
pound nM x 106 pm3 Controls* 


Control 
I 1000 


200 
50 
10 


I 1  1000 
200 
50 
10 


IIIa 1000 
200 
50 
10 


IIIb 1000 
200 
50 
10 


IV 1000 
200 
50 
10 


V 1000 
200 
50 
10 


Control 
IIIc 1000 


200 
50 
10 


10.60 f 0.36 (3) 
2.02 f 0.74 (3j 
2.55 f 0.14 (3) 
2.55 f 0.11 (3) 
7.67 f 0.29 (3) 
2.61 f 0.11 (3j 
9.13 f 0.11 (3) 
9.01 f 0.21 (3) 
9.48 f 0.38 (3) 
9.40 f 0.34 (3) 
9.79 f 0.90 (3) 
9.95 f 0.22 (3) 
10.78 f 0.17 (3) 
8.52 Z k  0.77 (3) . . .  


9.82 f 0.50 (ij 
11.25 f 0.52 (3) 
11.24 f 0.24 (3) 
1.46 f 0.12 (3) 
6.22 f 0.61 (3) 
9.27 f 0.67 (3) 
8.50 f 0.15 (3j 
9.53 f 0.52 (3) 
10.12 f 0.32 (3) 
10.63 f 0.22 (3) 
10.52 f 0.24 (3j 
8.46 f 0.26 (3) 
1.35 f 0.15 (3j 
5.11 f 0.10 (3) 
7.17 f 0.33 (3) 
8.25 f 0.19 (2) 


19* 
24* 
24* 
72* 
24* 
86* 
85* 
89 
88 
92 
93 
101 
80 
92 
106 
106 
13* 
58* 
87 
80 
89 
95 
100 
100 


15* 
60* 
84* 
97 


Represents the area under the curve between 11.5 and 17.0 pm in cell diameter; 
>95% of the cells from control cultures are included within these boundaries. Values 
are expressed as mean M E  (number of determinations). * Values were analyzed, 
using analysis of variance and Duncan's new multiple-range test for significance. 
Asterisk represents differences between drug treated and controls at the 0.01 level 
of significance. 


anthraquinone (1V) also was active at  that concentration, but the mag- 
nitude of inhibition was not like that of I (Fig. 4). 
4. The ring-monohydroxylated bis(aminoalky1amino)-substituted 


anthraquinone (IIIc) was active at  200 nM (Fig. 3). 
5. Compound IIIb showed borderline activity a t  1000 nM (Fig. 5). 
6. Compounds IIIa and V (Fig. 5) were ineffective at the highest 


concentration (1000 nM) tested. 
The importance of the N-0-0 triangular pharmacophore to the an- 


tiproliferative activity of compounds of this type on Chinese hamster 
ovary cells was revealed since, theoretically, both I and IV possess two 
N-0-0 sets, doxorubicin and IIIc possess one N-0-0 set, and none of 
the other compounds contains this triangulation. The fact that IIIb 
showed borderline activity could be interpreted as due either to the 
presence of another electronegative element a t  the strategic position or 
to a gradual and incomplete replacement of the amino by a hydroxyl 
function under experimental conditions. 


Most of the compounds studied showed good antineoplastic activity 
in vivo. Judging from the reports (3,4,7) that the dosage required for the 
unhydroxylated anthraquinones, such as IIIa, is at least 10 times higher 
than that required for the corresponding dihydroxyl analog, such as I, 
the possibility of in vivo hydroxylation to "complete" the N-0-0 tri- 
angulation cannot be disregarded. In fact, chemical hydroxylation of 
1,4-diamino-9,10-anthracenedione diboroacetate with an oxidizing agent 
such as sodium persulfate yielded the corresponding 5,8-dihydroxyl de- 
rivative (15), which further indicated that positions 5 and 8 are elec- 
tronically preferred for hydroxylation. 
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Abstract 0 A high-pressure liquid chromatographic procedure for the 
simultaneous determination of vitamins B1, B2, Bg, and niacinamide in 
multivitamin pharmaceutical preparations was developed and evaluated. 
The method uses paired-ion reversed-phase partition chromatography 
for baseline separation of the four water-soluble vitamins. This method 
was applied to the analysis of a multivitamin and multivitamin-mul- 
timineral tablets, and a technique was developed to reduce vitamin ad- 
sorption by the minerals. The results obtained by this method were 
compared with those obtained by the official methods. It was concluded 
that this method is fast, accurate, specific, and suitable for routine quality 
control use. 


Keyphrases Vitamins, water soluble-simultaneous high-pressure 
liquid chromatographic analyses in multivitamin preparations 0 High- 
pressure liquid chromatography-simuItaneous analyses of various 
water-soluble vitamins in multivitamin preparations Multivitamin 
preparations-simultaneous high-pressure liquid chromatographic assay 
of various water-soluble vitamins 


Progress in vitamin preparations is being impeded by 
methodological problems. Current official methods (1 ,2)  
for the assay of water-soluble vitamins involve a compli- 
cated sample workup, tend to reproduce poorly because 
of the instability and pH sensitivity of the color develop- 
ment, and require that each vitamin be analyzed individ- 
ually. These methods also are subject to interferences from 
various sources when analyzing samples with complex 
matrixes (3 ,4) .  


High-pressure liquid chromatographic (HPLC) proce- 
dures for the simultaneous determination of water-soluble 
vitamins in pharmaceutical preparations have been de- 
scribed (5-7), but no mechanism has been developed to 
control vitamin adsorption by the minerals in multivi- 
tamin-multimineral tablets. This paper describes an 
HPLC procedure for the simultaneous determination of 
vitamins B1, B 1 ,  B 6 ,  and niacinamide in multivitamin and 


multivitamin-multimineral tablets by paired-ion re- 
versed-phase HPLC. 


EXPERIMENTAL 


Apparatus-The HPLC system included two solvent pumps1, a sol- 
vent programmer2, a UV absorbance detector3 at  280 nm, and an au- 
toinjector4. A pBondapak phenyl(l0 pm) 30-cm X 3.9-mm i.d. column 
and a 10-mv full-scale recorder5 were used. Peak areas were determined 
using a laboratory data system6. The column temperature was regulated 
at  30" by a constant temperature bath7. A high-speed centrifuge was 
useds, and the samples were disintegrated in a shaker bathg set a t  60". 


Materials and Reagents-Thiamine hydrochloride, riboflavin, py- 
ridoxine hydrochloride, and niacinamide were obtained as USP reference 
standards. 1-Hexanesulfonic acid was used as received'*. Anhydrous citric 
acid" was obtained commercially and used without further purification. 
Solvents, all distilled-in-glass12 grade, were obtained commercially. 
Commercial multivitamin preparations were obtained from local phar- 
macies. 


Preparation of Mobile Phases-The two pumps used 0.0025 M 1- 
hexanesulfonic acid in water and in methanol, respectively. Prior to use, 
the mobile phases were degassed by vacuum filtration through a 0.5-pm 
pore, 47-mm diameter filterI3. With a linear solvent program14, a gradient 
was run at  a constant flow rate of 2.0 ml/min for 18 min. Solvent condi- 
tions varied from 0 to 80% methanol in water. Five minutes was allowed 
between sample injections. 


Model 6000A, Waters Associates, Milford Mass. 
Model 660, Waters Associates, Milford, Mass. 
Model 440, Waters Associates, Milford Mass. 
WISP model 710A. Waters Associates, Milford Mass. 
Omniscribe, Houston Instrument, Houston. Tex. 


6 Model 3353, Hewlett-Packard, Palo Alto, Calif. 
FK2, Haak Inc., Saddle Brook, N.J. 
Sorvall RC-5B centrifuge fitted with 99-34 motor, DuPont Instruments, 


Magni-Whirl water bath 15-453-400, Fisher Scientific Co., San Francisco, 
Wilmington, Del. 


Calif. 
lo B-6 PIC reagent, Waters Associates, Milford Mass. 
l1 Matheson, Coleman and Bell, Norwood, Ohio. 
l2 Burdick &Jackson, Muskegon, Mich. 
l3 Type LS, 47 mm, Millipore Corp. Bedford, Mass. 


Curve 6 on model 660 solvent programmer. 
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Abstract 0 Anthralin concentration was determined in different oint- 
ments by high-pressure liquid chromatography, and results were com- 
pared with those of the USP assay technique. Significant differences 
existed between the claimed and the actual levels of anthralin in some 
preparations. Varying quantities of anthralin breakdown products were 
found, and their concentrations appear to be related to the nature of the 
formulation. 


Keyphrases 0 Anthralin-high-pressure liquid chromatographic de- 
termination in ointments High-pressure liquid chromatography- 
determination of anthralin in ointments Ointments-high-pressure 
liquid chromatographic determination of anthralin 


Anthralin, applied percutaneously in various formula- 
tions, has been used in the treatment of psoriasis for over 
100 years (1). This reactive chemical entity can undergo 
predictable chemical changes in the vehicle, depending on 
the presence of basic ingredients and/or oxygen. The 
end-products are claimed to be inactive in the chemo- 
therapy of psoriasis (2). Ponec-Waelsch and Hulsebosch 
(3) postulated that anthralin and zinc hydroxide interact 
in zinc oxide pastes (Lassars’ paste). These workers, 
however, used UV spectrophotometry for the assay and, 
as discussed recently (4), quantification of the breakdown 
products can only be estimated following prior separation 
of the compounds by TLC. 


High-pressure liquid chromatography (HPLC), a se- 
lective, sensitive, reproducible, and rapid assay procedure, 
seemed a better choice for this assay and is compared in 
the present study to the standard USP method (5). 


EXPERIMENTAL 


Materials-Acetic acid’ was analytical reagent grade; isooctane, 
isopropyl ether, methanol, chloroform, and n-hexane were HPLC grade2 
and were used as received after filtration and degassing. 
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1 Prolabo Normapur. 
Merck. 


1,8-Dihydroxy-9-anthrone (anthralin, I) was purified by column 
chromatography. Its chemical derivatives, 1,8-dihydroxy-9,10-anthra- 
quinone (quinone, 11) and 1,8,1’,8’-tetrahydroxy-lO,lO’-dianthrone 
(dimer, 111) (6), and the internal standard, 1,8-dihydroxy-9-antbron-l0-yl 
maleic acid dimethyl ester (IV) (7), were synthesized3 following published 
procedures. 


Instrumentation-Two high-pressure liquid chromatographs were 
used. One was equipped with a septumless injector4, a reciprocating 
pumpS, a normal-phase 25-cm column6, a UV-visible detector7 set at 254 
nm, and a strip-chart recordep. The other chromatograph9 was equipped 
with a reversed-phase 25-cm column10 also set at 254 nm (referenced at 
500 nm). The mobile phases compositions and conditions used are listed 
in Table I. Under these conditions, the response of each compound was 
linear in the working range (1-50 pg/ml). 


Products Investigated-Commercially available samples were used, 
except in one case where the formulation was obtained directly from the 
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Figure 1-Visible spectra at 10 pgglml in chloroform of anthralin (01, 
the dimer (v), and the quinone (0). Molar absorptiuities (3 at  345 and 
432 nm are, respectiuely, 10,650 and 100 for anthralin, 16,970 and 220 
for the dimer, and 1680 and 10,890 for the quinone. 


Laboratoirhs de Recherches Fondamentales, L’OrBal, Aulnay-sous-Bois, 


Waters Associates model U6K. 
Waters Associates model 6000A. 
Merck Lichrosorb RT 250-4-5 gm-Si6O. 
Waters Associates model 440. 


Hewlett-Packard model 1084 B. 


France. 


8 Omniscribe. 


lo Merck Lichrosorb RT 250-4-5 wm-RP18. 


0022-354918 11 1100- 1205$0 1.OOf 0 
@ 198 1, American Pharmaceutical Association 


Journal of Pharmaceutical Sciences I 1205 
Vol. 70, No. 11, November 1981 







Table I-Analytical Conditions and Chromatographic Properties Observed in HPLC Separation of Anthralin, the Quinone, and the 
Dimer 


Retention 
Analytical Conditions Compound Time, min Packing 


Normal phase (SiOa) Mobile phase (percent volume); isooctane (44.5), Anthralin 3.70 
3.35 


1 ml/min; pressure: 81 bars; temperature: 30' Dimer 4.52 
Internal standard 5.25 


Reversed phase (Cia) Mobile phase (percent volume): water (24.9), Anthralin 4.90 
methanol (74.9), acetic acid (0.2); flow: 2 ml/min; Quinone 4.52 
pressure: 254 bars; temperature: 60' Dimer 8.42 


Internal standard 3.68 


isopropyl ether (49.9), methanol (5.4), acetic acid (0.2); flow: Quinone 


pharmacy of a local hospital. The ointment bases and theoretical con- 
centrations of anthralin are given in Table 11. 


Analytical Procedure-Ointment theoretically corresponding to 
-200 I.cg of anthralin was weighed and spiked with exactly 200 fig of in- 
ternal standard in the appropriate solvent (chloroform or n-hexane) from 
a freshly prepared (1 mg/ml) stock solution. 


The extraction was performed by shaking the mixture for 15 min on 
a vortex mixer in the presence of 5 ml of chloroform or n-hexane and 
filtering the resulting solution through a solvent-resistant filter". An 
aliquot (1 ml) of this solution was then evaporated to dryness under ni- 
trogen at room temperature, and the residue was redissolved in the same 
amount of the elution solvent and subjected to HPLC analysis. 


RESULTS AND DISCUSSION 


The USP describes an assay procedure for the quantification of an- 
thralin as the starting material for the preparation of ointments or in the 
ointment itself. This method is based on the absorbances at 354 and 432 
nm but suffers from overlapping and interference between the absorption 
maxima of anthralin, dimer, and quinone (Fig. 1). In contrast, the de- 
scribed method allows the quantification of anthralin and its major oxi- 
dation products in the presence of each other (Fig. 2). 


w 
(II z 
(II 
UI 


2 
a 


d ; 2 3 4 5 6 7  
MINUTES 


Figure 2-Example of the chromatogram of a formulation extract 
(Sample 11) obtained on a silica gel phase. 


Table 111 lists the results obtained by HPLC and USP techniques for 
the percentages of anthralin in the formulations studied. 


Table IV lists the results obtained for anthralin, the quinone, and the 
dimer, with chloroform as the extraction solvent, on the two chromato- 
graphic systems; for solubility reasons, n-hexane is unsuitable as an ex- 
traction solvent for the dimer. 


In nine out of the 12 formulations studied, 100 f 5% of the material 
could be accounted for. Since the possible variation in the original an- 
thralin used by the manufacturers could not be estimated, in cases where 
significantly less products was found, the extraction procedure was ver- 
ified by adding increasing amounts of pure anthralin standard to the 
ointment before extraction. 


The possibility of anthralin decomposition during extraction can be 
rejected since the standard deviation in the results obtained by the two 
extraction procedures was the same as the error in the analytical proce- 
dures itself. Decomposition during chromatography on either system can 
also be rejected since the normal and reversed-phase results are in good 
agreement. 


Consequently, the difference between the theoretical and actual con- 
centrations of anthralin in the ointment is related to  the vehicle itself, 
in particular the zinc oxide pastes (Base D, Table 111). Three out of the 
four such preparations (Samples 9,11, and 12) contained <40% of the 
theoretical amount of anthralin; in two cases, a marked tendency towards 
the formation of the corresponding dimer (81 and 91%) was noted. 


For Base C (Sample lo), low overall recovery was obtained with the 
highest amount of quinone. This low recovery can be explained by the 


Table 11-Composition of Vehicles and Theoretical Anthralin 
Concentration of Ointments 


Cream Base 


Anthralin 
Concentra- 


tion,% Code 
~~ ~ 


Powder-in-cream urea 0.1 A 
Oil-in-water cream 0.1 B 
Anhydrous water washable 0.2 C 
Zinc oxide-petrolatum-salicylic acid-lanolin- 0.2 D 


Zinc oxide-petrolatum-salicylic acid-starch 0.22 D 
Oil-in-water cream 0.25 B 
Zinc oxide-petrolatum-salicylic acid starch 0.44 D 
Salicylic acid-cetyl alcohol-sodium lauryl 0.44 E 


Oil-in-water cream 0.5 B 


starch 


sulfate-paraffin-petrolatum 


Table 111-Percentage of Anthralin Related to the Theoretical 
Amount Comoared to USP Assav Results 


Anthralin, % 
Sample Base Code HPLC USP 


1 A 


7 E 
8 B 
9 D 


10 C 
11 D 
12 D 


90.8 f 2.5 113 
90.1 f 1.2 105 
79.8 f 2.5 94 
71.5 f 1.9 103 
70.4 f 2.4 85 
70.2 f 2.3 109 
68.4 f 1.8 112 - _ _  
66.0 2 2.5 106 
37.1 f 2.1 53 
26.9 f 1.2 82 
18.8 rt 1.3 79 
3.3 f 1.6 74 


l1 Millipore FHLP 013,0.5 pm. 
Average of results obtained with chloroform and n-hexane extractions with 


the two chromatographic systems. 
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Table 1V-Percentage of Recovery of Anthralin and Its 
Decomposition Products a 
~- ~ 


Sample Anthralin, % Dimer, % Quinone, % Total Recovery, % 


1 88.5 7.2 1 96.7 
2 92 9 2 103.0 
3 80.9 15.5 2.2 98.6 
4 72.6 25 1.3 98.9 
5 71.2 4.7 1.1 77.0 
6 70.5 25.1 1.8 97.4 
7 69.0 22.4 1.7 93.1 
8 67.4 29.5 1 97.9 
9 39.0 10.4 1.2 50.6 


10 29.8 2.5 12.9 45.2 
11 17.3 81.1 5.9 104.3 
12 4.4 90.9 5.1 100.4 


a Chloroform extraction; average of data obtained using both chromatographic 
systems. 


formation of high molecular weight materials, and an HPLC method is 
currently being developed for the analysis of these products. 


The surprising disparity between the USP and HPLC assay results 
can be rationalized when the data in Table IV are considered. Although 
both methods rely on UV absorption, the USP technique cannot quantify 
the dimer and merely includes it with the anthralin level. However, a 
discrepancy between the results is still evident after correcting the USP 
data for the presence of dimer. 


The majority of these ointments contained -70% (range 44-92%) of 
the theoretical amount of anthralin, the remaining 30% being various 
quantities of the dimer, quinone, and, perhaps, high molecular weight 
mate r i a 1 s . 


The need to check anthralin and its preparations must be emphasized, 
and the danger of further decomposition of samples in use cannot be ig- 
nored. 
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Abstract 0 A high-performance liquid chromatographic (HPLC) assay 
was developed for the determination of the ratios of the (S)-(+) and 
(I?)-(-) enantiomers of the anti-inflammatory drug carprofen in blood, 
urine, and feces. The procedure relies on: (a) extraction and purification 
of carprofen from biological fluids, (b)  reaction of carprofen with ( S ) -  
(-)-a-methylbenzylamine to form the two diastereomeric (S)-(-)- 
a-methylbenzylamides uia the 1,l’-carbonyldiimidazole intermediate, 
(c) purification of the reaction mixture by extraction of the diastereomeric 
derivatives into hexane at pH 11, and ( d )  analysis of the diastereomeric 
derivatives by HPLC with UV detection. The (S)-(+):(R)-(-)  ratios in 
the blood of three subjects receiving single 100-mg oral doses of carprofen 
were greater than unity up to 16 hr after dosing. The mean f SD of the 
ratios in the early blood samples (0.5,1, and 2 hr) was 1.21 f 0.09, while 
the mean of the ratios in the later blood samples (4,6,8,12, and 16 hr) 
was slightly higher (1.48 f 0.17). The blood level fall-off curves for the 
(S)-(+) and @)-(-I enantiomers were similar in each of the three subjects 
for the 4-16-hr Deriod. The carmofen enantiomers were excreted stere- 


oselectively by humans. An excess of the (S)-(+) enantiomer relative to 
the (R)-(-) enantiomer was excreted in the urine as the ester glucuronide, 
while unchanged (R)-(-) enantiomer predominated in the feces. The total 
urinary plus fecal excretion of the enantiomers (0-96 hr) revealed only 
a slight excess of the (S)-(+) enantiomer over the (R)-(-) enantiomer, 
which amounted to 2.1-4.9% of the dose. Since the amount of carprofen 
(free and glucuronide) excreted in 96 hr by the three subjects only ac- 
counted for 62-72% of the dose, no definitive statement could be made 
relative to the possible inversion of the carprofen chiral center. 


Keyphrases 0 Carprofen-stereoselective disposition determination 
in humans using high-performance liquid chromatography 0 Anti-in- 
flammatory agents-carprofen, metabolism in humans, and rats, high- 
performance liquid chromatography High-performance liquid chro- 
matography-determination of stereoselective disposition of carprofen 
in humans 


Carprofen [ (D,~)-6-chloro-a-methylcarbazole-2-acetic 
acid] is presently undergoing extensive clinical evaluation 
as a nonsteroidal anti-inflammatory agent. The possible 
stereoselective disposition of carprofen is of interest since 
it is a racemic compound with a chiral center at the 
a-carbon position. Other a-methylarylacetic acids have 


been shown to undergo stereoselective disposition and 
inversion at  the a-carbon (1-5). 


A TLC procedure was previously developed (6) for the 
quantitation of the enantiomers of [14C]carprofen as their 
diastereomeric (8)-(-)-a-methylbenzylamides. This TLC 
procedure has been used to study stereoselective elimi- 
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reveal the impact of scar formation on the bioavailability 
of drugs and irritants applied topically over the scarred 
surface. 
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REVIEWS 


Controlled Release of Bioactive Materials. Edited by RICHARD 
BAKER. Academic, 111 Fifth Ave., New York, NY 10003.1980.473 
pp. 15 X 23 cm. Price $34.50. 
This book constitutes a collection of 27 papers delivered at  the sixth 


International Symposium on Controlled-Release Materials in New Or- 
leans in 1979. The first 12 papers deal with various aspects of controlled 
drug delivery systems. 


In the first paper, Heller and Baker review the theory and practice of 
controlled drug delivery from biodegradable polymers. The mechanisms 
of drug release from these polymers are discussed in depth, and several 
illustrative examples are presented. Applications of biodegradable 
polymers are discussed further in the ensuing two papers by Pitt et al. 
and Petersen et al. 


In the fourth paper, Theeuwes and Echenhoff present the applications 
of osmotic drug delivery systems. The design and experimental perfor- 
mance of two osmotic devices are described. The generic osmotic pump 
(Alzet) is designed to deliver the contents of 170 p1 at  the rate of either 
1 plhr  over a 1-week period or 0.5 p l h r  over 2 weeks. The other device 
is the elementary osmotic pump, which is generally fabricated in the 
shape of a tablet, with a single-delivery orifice. A paper by Chandrasek- 
aran and Shaw is concerned with controlled, transdermal drug de- 
livery. 


Other papers of pharmaceutical interest deal with polymers that in- 
clude poly(1actic acid) and the hydrogels. Rhine and coworkers present 
a new approach to achieve zero-order release kinetics from diffusion- 
controlled polymer matrix systems. The theoretical basis for these ki- 
netics is presented as is a comparison of kinetics from matrix devices of 
other geometries. 


The second half of the book is concerned essentially with topics not 
directly related to drug delivery systems. Controlled-release systems 
containing insecticides, molluscicides, and plant growth regulators are 
discussed and described. Implantable systems for the delivery of insect 
growth regulators to livestock are evaluated by Jaffe and coworkers. The 
basic technology used to design several of these systems is very similar 
to drug-containing devices. 


This book is a collection of high quality research papers, prepared by 
scientists in widely different fields. As such, the book is highly recom- 
mended for both academic and industrial pharmaceutical scientists, 


chemists, biologists, and chemical engineers who have an interest in 
controlled-release technology. 


Reviewed by James W. McGinity 
College of Pharmacy 
Uniuersity of Texas at Austin 
Austin, T X  78712 


British National Formulary 1981: Number 1. The Pharmaceutical 
Press, 1 Lambert St., London, SE17JN, England. 1981.387 pp. 12 X 
23 cm. Price E3.80 
The British National Formulary is designed for use by doctors, 


pharmacists, and nurses in the National Health Service in the United 
Kingdom. Unlike earlier editions that were published every 2 or 3 years 
and contained only those drugs and preparations having the confidence 
of the Joint Formulary Committee, the 1981 edition is an outgrowth of 
the Committee’s response to requests for a wider coverage of drugs 
available in the United Kingdom and more detailed guidance in pre- 
scribing and dispensing. 


This new edition provides more descriptive information to assist the 
prescriber in selecting the appropriate treatment for a particular patient. 
A double-column format was followed to accommodate the increased 
volume of information and to allow the book to “still tit into the doctor’s 
pocket.” 


The BNF begins with sections on Guidance on Prescribing and 
Emergency Treatment on Poisoning. The main text consists of classified 
notes divided into 15 chapters: Gastro-intestinal System; Cardiovascular 
System; Respiratory System; Central Nervous System; Infections; En- 
docrine System; Obstetrics and Gynaecology; Malignant Disease and 
Immunosuppression; Nutrition and Blood; Musculoskeletal and Joint 
Diseases; Eye; Ear, Nose, and Oropharynx; Skin; Immunological Products 
and Vaccines; and Anaesthesia. Each chapter begins with appropriate 
notes for prescribers to facilitate selection of suitable treatment followed 
by detailed monographs of the relevant drugs and preparations (indi- 
cations, contraindications, cautions, side-effects, doses, dosage forms, 
routes of administration, and relative prices). Drugs appear under their 
pharmacopoeia1 titles or British Approved Names and are listed alpha- 
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Abstract 0 A high-pressure liquid chromatographic procedure for the 
simultaneous determination of vitamins B1, B2, Bg, and niacinamide in 
multivitamin pharmaceutical preparations was developed and evaluated. 
The method uses paired-ion reversed-phase partition chromatography 
for baseline separation of the four water-soluble vitamins. This method 
was applied to the analysis of a multivitamin and multivitamin-mul- 
timineral tablets, and a technique was developed to reduce vitamin ad- 
sorption by the minerals. The results obtained by this method were 
compared with those obtained by the official methods. It was concluded 
that this method is fast, accurate, specific, and suitable for routine quality 
control use. 


Keyphrases Vitamins, water soluble-simultaneous high-pressure 
liquid chromatographic analyses in multivitamin preparations 0 High- 
pressure liquid chromatography-simuItaneous analyses of various 
water-soluble vitamins in multivitamin preparations Multivitamin 
preparations-simultaneous high-pressure liquid chromatographic assay 
of various water-soluble vitamins 


Progress in vitamin preparations is being impeded by 
methodological problems. Current official methods (1 ,2)  
for the assay of water-soluble vitamins involve a compli- 
cated sample workup, tend to reproduce poorly because 
of the instability and pH sensitivity of the color develop- 
ment, and require that each vitamin be analyzed individ- 
ually. These methods also are subject to interferences from 
various sources when analyzing samples with complex 
matrixes (3 ,4) .  


High-pressure liquid chromatographic (HPLC) proce- 
dures for the simultaneous determination of water-soluble 
vitamins in pharmaceutical preparations have been de- 
scribed (5-7), but no mechanism has been developed to 
control vitamin adsorption by the minerals in multivi- 
tamin-multimineral tablets. This paper describes an 
HPLC procedure for the simultaneous determination of 
vitamins B1, B 1 ,  B 6 ,  and niacinamide in multivitamin and 


multivitamin-multimineral tablets by paired-ion re- 
versed-phase HPLC. 


EXPERIMENTAL 


Apparatus-The HPLC system included two solvent pumps1, a sol- 
vent programmer2, a UV absorbance detector3 at  280 nm, and an au- 
toinjector4. A pBondapak phenyl(l0 pm) 30-cm X 3.9-mm i.d. column 
and a 10-mv full-scale recorder5 were used. Peak areas were determined 
using a laboratory data system6. The column temperature was regulated 
at  30" by a constant temperature bath7. A high-speed centrifuge was 
useds, and the samples were disintegrated in a shaker bathg set a t  60". 


Materials and Reagents-Thiamine hydrochloride, riboflavin, py- 
ridoxine hydrochloride, and niacinamide were obtained as USP reference 
standards. 1-Hexanesulfonic acid was used as received'*. Anhydrous citric 
acid" was obtained commercially and used without further purification. 
Solvents, all distilled-in-glass12 grade, were obtained commercially. 
Commercial multivitamin preparations were obtained from local phar- 
macies. 


Preparation of Mobile Phases-The two pumps used 0.0025 M 1- 
hexanesulfonic acid in water and in methanol, respectively. Prior to use, 
the mobile phases were degassed by vacuum filtration through a 0.5-pm 
pore, 47-mm diameter filterI3. With a linear solvent program14, a gradient 
was run at  a constant flow rate of 2.0 ml/min for 18 min. Solvent condi- 
tions varied from 0 to 80% methanol in water. Five minutes was allowed 
between sample injections. 


Model 6000A, Waters Associates, Milford Mass. 
Model 660, Waters Associates, Milford, Mass. 
Model 440, Waters Associates, Milford Mass. 
WISP model 710A. Waters Associates, Milford Mass. 
Omniscribe, Houston Instrument, Houston. Tex. 


6 Model 3353, Hewlett-Packard, Palo Alto, Calif. 
FK2, Haak Inc., Saddle Brook, N.J. 
Sorvall RC-5B centrifuge fitted with 99-34 motor, DuPont Instruments, 


Magni-Whirl water bath 15-453-400, Fisher Scientific Co., San Francisco, 
Wilmington, Del. 


Calif. 
lo B-6 PIC reagent, Waters Associates, Milford Mass. 
l1 Matheson, Coleman and Bell, Norwood, Ohio. 
l2 Burdick &Jackson, Muskegon, Mich. 
l3 Type LS, 47 mm, Millipore Corp. Bedford, Mass. 


Curve 6 on model 660 solvent programmer. 
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Table I-Effect of Ferrous Gluconate and Magnesium Oxide on the Recovery of Pyridoxine Hydrochloride in 100 ml of 0.1 N HCl 
Solutions 


Solution Composition 
Amount of Ferrous Magnesium B6, % RSD, 


Sample Be, mg Gluconate, mg Oxide, mg recoverya SD % 


90 None - - Ferrous gluconate + magnesium oxide - 40 
Pyridoxine hydrochloride + ferrous gluconate 0.5 40 - 80.43 1.01 1.26 
Pyridoxine hydrochloride + magnesium oxide 0.5 - 90 59.00 5.31 9.00 
Pyridoxine hydrochloride + ferrous gluconate and magnesium oxide 0.5 40 90 91.67 1.03 1.12 


Pyridoxine 0.5 - - 101 1.02 1.01 


a r t = &  


Table 11-Water-Soluble Vitamins Found in Multivitamin-Multimineral Tablets a by Various Modes of Extraction 


Percent of Label Claim 
1% Citric Acid in 


Vitamin, Label Claim 0.1 N HCI Dimethyl Sulfoxide Dimethyl Sulfoxide 


Thiamine hydrochloride, 2.1 mg/tablet 96.6 f 1.94 108.5 f 7.54 100 f 1.25 
Riboflavin, 2.4 mg/tablet 81.2 f 0.90 104.2 f 1.80 100 f 1.75 
Pyridoxine hydrochloride, 2.0 mg/tablet 88.3 f 1.70 84.2 f 0.78 100 f 1.58 
Niacinamide. 2.0 mdtablet 101.9 f 3.26 100.6 f 0.85 100 f 3.11 


~~ 


Vita Lea, Shaklee Corp.; each value is the mean f SD of five determinations. 


Preparation of Standard Solutions-Stock standard solutions of 
thiamine hydrochloride, pyridoxine hydrochloride, and niacinamide (0.5 
mg/ml each) were prepared separately by dissolving accurately weighed 
USP reference standards in 0.1 N HCl. Due to poor solubility, only the 
riboflavin working standard solution was prepared in a more diluted form; 
<0.1 g accurately weighed USP reference standard was dissolved in lo00 
ml of 0.1 N HC1, heated, and constantly stirred in a low actinic volumetric 
flask. 


Different aliquots from each stock standard vitamin solution were 
combined and diluted with the riboflavin working standard solution. This 
procedure resulted in a working standard solution containing all four 
water-soluble vitamins at  the desired concentration. 


Preparation of Sample Solutions-Multivitamin Tablets-A 
suitable number of tablets containing no more than 10 mg of riboflavin 


were placed in a low actinic glass-stoppered erlenmeyer flask. Exactly 
100 ml of 0.1 N HCl was pipetted into the flask, and the flask was stop- 
pered and shaken for 45 min in a constant-temperature bath at 60". The 
sample was allowed to cool to room temperature and then was Centrifuged 
a t  44,OOOXg for 18 min. Then 10 pl of the clear supernate was injected 
into the liquid chromatograph. 
Multivitamin-Multimineral Tablets-A suitable number of tablets 


containing no more than 10 mg of riboflavin were placed in a low actinic 
glass-stoppered erlenmeyer flask. Exactly 100 ml of dimethyl sulfoxide 
containing 1% citric acid (anhydrous) was delivered into the flask. The 
solution then was shaken for 45 min in a constant-temperature bath at  
60". It was allowed to cool to room temperature and then was centrifuged 
at 44,000Xg for 18 min. Then 10 pl of the clear supernate was injected 
into the liquid chromatograph. 


ill ul 
Figure l-Liquid chromato- 
graphic trace of a standard 
mixture of niacinamide (A), u1 
pyridoxine (B), thiamine (C), a 
and riboflavin (0). 
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Figure 2-Liquid chromato- 
graphic trace of the extract of 
a vitamin R complex tablet. 
Key: A, niacinamide; B, pyri- 
doxine; C, thiamine; and D, 
riboflavin. 
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Table 111-Recovery Results on Vitamins BI, Bz, B6, and Niacinamide 
~ 


Sample 


~ ~ ~ 


Percent Recoverya, mean f SD (% RSD) 
Bi B2 B6 Niacinamide 


Control multivitamin tablets None None None None t 


Multivitamin tablets + added vitamins' 100.8 f 2.23 102.1 f 2.48 104.3 f 6.7 102.1 f 2.78 
(2.21) (2.43) (6.43) (2.72) 


Control multivitamin-multimineral tablets None None None None 
Multivitamin-multimineral tablets + added vitaminsC 101.6 f 2.21 99.60 f 2.01 99.62 f 2.92 99.97 f 1.45 


(2.18) (2.02) (2.93) (1.45) 


a Each value is the mean f SD (96 RSD) of six determinations. Control tablets contain the com lete formulation of B-Complex (multivitamin tablets) and Vita Lea 
(multivitamin-multimineral tablets) without vitamins B1, Bz, Be, and niacinamide. Same as contrortableta but with vitamins B1, Bz, &, and niacinamide added directly 
to the flask. 


Table IV-Comparison of USP Method versus HPLC Method for the Analysis of Vitamins B1 and Bz in Multivitamin Products 


Vitamin B1 Vitamin Bz 
Formulation Found Formulation Found 


Product" Amount HPLC SD USP SD Amount HPLC SD USP SD 


A 66.42 65.91 0.56 66.5 1.83 70.72 70.66 0.27 
mgk 


B 1.178 1.151 0.02 
mghablet 


C 9.45 9.63 0.35 
mg/tablet 


D 0.678 ' 0.687 0.003 
mghble t  


E 10 10.5c 
mg/tablet 


F 11.6 11.9c - 


- d 


d 


mg/tablet 
d G 3 3.lC - 


mgk 
1.248 0.04 1.143 1.172 0.018 


mg/tablet 
8.73 0.90 8.415 8.597 0.110 


mghablet 
0.695 0.009 0.718 0.716 0.002 


mg/tablet 
- d - d 10 18.0C 


mghablet 
- - d 15 14.6= 


mghablet 
- d - d 3 3.4c - 


- d 


d - d 


d 


72.9 1.36 t 


1.245 0.026 CI 


7.910 0.129 


0.674 0.010 


d - d 


d - d 


d d 


- 


- 


- - 
mghapsule mghapsule 


0 Key: A, Vita Lea Premixes (Shaklee); B, Vita Cal (Shaklee); C, B-Complex (Shaklee); D, Vita Lea (Shaklee); E, Super Thera-ViteM (Nature's Blend); F! Stress Formula 
(Value Rite); and G, B-Complex Capsules (Nature's Blend). b Each value is a mean f SD of five determinations. Single determmation. Not determined. 


RESULTS AND DISCUSSION 


HPLC can provide a quick and accurate evaluation of multivitamin 
and multivitamin-multimineral tablets, and paired-ion reversed-phase 
HPLC is particularly attractive for determining water-soluble vitamins 
because polar constituents that dissolve in the aqueous mobile phase elute 
at or near the solvent front. Lipophilic constituents with very limited 
solubility in the aqueous mobile phase partition with the stationary phase, 
thereby eluting much later. Under these conditions, separation can be 
achieved. Thus, sample preparation time is greatly reduced and the ac- 
curacy of the method also is enhanced. 


In the present study, 0.1 N HCl was used to extract the water-soluble 
vitamins from the multivitamin preparations. Dimethyl sulfoxide con- 
taining anhydrous citric acid was used to disperse the multivitamin- 
multimineral preparations since neither 0.1 N HCl nor dimethyl sulfoxide 
alone extracts pyridoxine completely. This may be due to adsorption of 
the vitamin by one or more of the minerals. Kwok et al. (8) established 
that vitamin A acetate adsorbs to ferrous gluconate and that a complexing 
agent can minimize this effect. 


With a similar approach, it was demonstrated in these laboratories that, 
in 0.1 N HCl solution, pyridoxine hydrochloride adsorbs strongly to 
ferrous gluconate and magnesium oxide (Table I) and that a complexing 


agent like citric acid in dimethyl sulfoxide can minimize this effect (Table 
11). Thus, anhydrous citric acid was dissolved first in dimethyl sulfoxide 
to allow for the exposure to the minerals as soon as possible. Table I shows 
the effect of ferrous gluconate and magnesium oxide on pyridoxine hy- 
drochloride in 0.1 N HCl solution. Table I1 demonstrates the percentage 
of recovery of all four water-soluble vitamins in multivitamin-multi- 
mineral tablets by different modes of extraction. It is obvious from Table 
I1 that 1% citric acid in dimethyl sulfoxide reduced the effect of ferrous 
gluconate and magnesium oxide to an insignificant level. The extraction 
of the other vitamins (thiamine, riboflavin, and niacinamide) was not 
impaired by the addition of the anhydrous citric acid in dimethyl sulf- 
oxide. 


Linearity of response over the range studied can be achieved using 
standard solutions. In these laboratories, the ratios of the concentration 
of the standard solution (expressed in nanograms per 10 microliters) to 
the area under the peak were consistent for all four water-soluble vitamins 
studied. These ratios were determined over 6 days, and their relative 
standard deviations were <1%. This finding indicates that the procedure 
can be used as a single-point standard for each vitamin. 


Chromatographic traces of vitamin B standards, vitamin B complex, 
and the multivitamin-multimineral tablet extracts are presented in Figs. 
1,2, and 3, respectively. Using paired-ion reversed-phase HPLC, baseline 


Table V-Comparison of USP Method versus HPLC Method for Analysis of Vitamin B6 and Niacinamide in Multivitamin Products 


Vitamin Be Niacinamide 
Formulation Found Formulation Found 


Product" Amount HPLC SD USP SD Amount HPLC SD USP S D  


A 54.21 54.33 1.40 54.9 1.24 


B None None None 
C 11.97 11.37 0.15 9.27 0.23 


mghablet 
D 0.670 0.668 0.013 0.680 0.019 


mghablet 
E 5 4.7c 


mghablet 
F 5 5.lC - 


mg/tablet 
G 0.5 0.9c - 


mghapsule 


mgk 


d - d 


d d 


d d 


- d - 


- - d 


d - - 


None None None 


None None None 
99.00 98.60 3.31 97.20 4.40 


5.49 5.54 0.06 5.18 0.30 
mg/tablet 


mghablet 


mg/tablet 


mg/tablet 


mg/capsule 


d d - d 


d - d - d 


d - d - d - 


100 101.5c - - 


100 90.8c - 


20 26.OC 


0 Key: A, Vita Lea Premixes (Shaklee); B, Vita Cal (Shaklee); C, B-Complex (Shaklee); D, Vita  Lea (Shaklee!; E, Super Thera-Vite M (Nature's Blend); F,  Stress Formula 
(Value Rite); and G, B-Complex Capsules (Nature's Blend). Each value is a mean +SD of five determinations. Single determination. Not determined. 
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Figure %-Liquid chromato- 
graphic trace of the extract of 
a multivitamin-multimineral 
tablet. Key: A, niacinamide; B, 
pyridoxine; C, thiamine; and 
D, riboflauin. 
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separation of all four water-soluble vitamins is possible (Figs. 1 and 2). 
There also is a baseline separation of the vitamins in the dimethyl sulf- 


oxide extract (Fig. 3). 
To validate the selectivity of the procedure, placebo formulations 


spiked with known amount of the vitamins were employed. The results 
are tabulated in Table 111. All four vitamins were quantitatively recovered 
in both multivitamin and multivitamin-multimineral tablets. 


To verify the applicability of this procedure further, various com- 
mercial multivitamin and multivitamin-multimineral tablets were as- 
sayed simultaneously by the HPLC and the USP methods (Tables IV 
and V). In each case, the precision of the HPLC procedure was greater 
than that of the current official procedure. This result may be attributed 
to the less complicated sample workup required by the former procedure. 
However, the results of the two methods compared favorably in terms 
of accuracy. 


The described HPLC method appears to be attractive in terms of 
analysis time and should be adapted to various commercial products. The 
column lifetimes under these conditions of minimum sample preparation 
initially was a subject of concern. However, over 500 preparations were 
processed without change in the chromatographic characteristics of the 
system. This stability may be due in part to the small quantities of sample 
injected and in part to the proper care as recommended by the column 
supplier. The methodology for the HPLC determination of other vitamins 
is currently under investigation and will be published later. 
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Abstract 0 Dissolution profiles were determined for nine methenamine, 
14 nitrofurantoin. and six chlorothiazide dosaee forms usine a dissolution 


rothiazide tablets between the percent of drug dissolved in 1 min or the 
time for 15% dissolution and the maximum excretion rate. 


I I 


simulator. Various in uiuo-in uitro correlations were examined. The best 
correlation for methenamine was between the maximum urinary excre- 
tion rate and the time for 15% dissolution. A good correlation for the 
50-mg nitrofurantoin tablets was also found between cumulative percent 
of drug excreted in 12 hr and the percent dissolved in 1 hr. There were 
no significant correlations for the 100-mg nitrofurantoin dosage forms. 
Good correlations were also observed for the 250- and 500-mg chlo- 


Keyphrases 0 Dissolution-profiles for methenamine, nitrofurantoin, 
and chlorothiazide, dissolution simulator Dissolution simulator- 
profiles for methenamine, nitrofurantoin, and chlorothiazide Meth- 
enamine-dissolution profile using dissolution simulator 0 Nitrofu- 
rantoin-dissolution profile using dissolution simulator 0 Chlorothia- 
zide-dissolution profile using dissolution simulator 


Many methods developed to study the i n  vitro dissolu- 
tion properties of dosage forms have been reviewed pre- 
viously (1). The primary objective of most efforts to de- 


velop in uitro dissolution procedures is to provide data that 
can be related to the performance of oral dosage forms 
when administered to human subjects. One sophisticated 
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Table 1V-Percentage of Recovery of Anthralin and Its 
Decomposition Products a 
~- ~ 


Sample Anthralin, % Dimer, % Quinone, % Total Recovery, % 


1 88.5 7.2 1 96.7 
2 92 9 2 103.0 
3 80.9 15.5 2.2 98.6 
4 72.6 25 1.3 98.9 
5 71.2 4.7 1.1 77.0 
6 70.5 25.1 1.8 97.4 
7 69.0 22.4 1.7 93.1 
8 67.4 29.5 1 97.9 
9 39.0 10.4 1.2 50.6 


10 29.8 2.5 12.9 45.2 
11 17.3 81.1 5.9 104.3 
12 4.4 90.9 5.1 100.4 


a Chloroform extraction; average of data obtained using both chromatographic 
systems. 


formation of high molecular weight materials, and an HPLC method is 
currently being developed for the analysis of these products. 


The surprising disparity between the USP and HPLC assay results 
can be rationalized when the data in Table IV are considered. Although 
both methods rely on UV absorption, the USP technique cannot quantify 
the dimer and merely includes it with the anthralin level. However, a 
discrepancy between the results is still evident after correcting the USP 
data for the presence of dimer. 


The majority of these ointments contained -70% (range 44-92%) of 
the theoretical amount of anthralin, the remaining 30% being various 
quantities of the dimer, quinone, and, perhaps, high molecular weight 
mate r i a 1 s . 


The need to check anthralin and its preparations must be emphasized, 
and the danger of further decomposition of samples in use cannot be ig- 
nored. 
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Abstract 0 A high-performance liquid chromatographic (HPLC) assay 
was developed for the determination of the ratios of the (S)-(+) and 
(I?)-(-) enantiomers of the anti-inflammatory drug carprofen in blood, 
urine, and feces. The procedure relies on: (a) extraction and purification 
of carprofen from biological fluids, (b)  reaction of carprofen with ( S ) -  
(-)-a-methylbenzylamine to form the two diastereomeric (S)-(-)- 
a-methylbenzylamides uia the 1,l’-carbonyldiimidazole intermediate, 
(c) purification of the reaction mixture by extraction of the diastereomeric 
derivatives into hexane at pH 11, and ( d )  analysis of the diastereomeric 
derivatives by HPLC with UV detection. The (S)-(+):(R)-(-)  ratios in 
the blood of three subjects receiving single 100-mg oral doses of carprofen 
were greater than unity up to 16 hr after dosing. The mean f SD of the 
ratios in the early blood samples (0.5,1, and 2 hr) was 1.21 f 0.09, while 
the mean of the ratios in the later blood samples (4,6,8,12, and 16 hr) 
was slightly higher (1.48 f 0.17). The blood level fall-off curves for the 
(S)-(+) and @)-(-I enantiomers were similar in each of the three subjects 
for the 4-16-hr Deriod. The carmofen enantiomers were excreted stere- 


oselectively by humans. An excess of the (S)-(+) enantiomer relative to 
the (R)-(-) enantiomer was excreted in the urine as the ester glucuronide, 
while unchanged (R)-(-) enantiomer predominated in the feces. The total 
urinary plus fecal excretion of the enantiomers (0-96 hr) revealed only 
a slight excess of the (S)-(+) enantiomer over the (R)-(-) enantiomer, 
which amounted to 2.1-4.9% of the dose. Since the amount of carprofen 
(free and glucuronide) excreted in 96 hr by the three subjects only ac- 
counted for 62-72% of the dose, no definitive statement could be made 
relative to the possible inversion of the carprofen chiral center. 


Keyphrases 0 Carprofen-stereoselective disposition determination 
in humans using high-performance liquid chromatography 0 Anti-in- 
flammatory agents-carprofen, metabolism in humans, and rats, high- 
performance liquid chromatography High-performance liquid chro- 
matography-determination of stereoselective disposition of carprofen 
in humans 


Carprofen [ (D,~)-6-chloro-a-methylcarbazole-2-acetic 
acid] is presently undergoing extensive clinical evaluation 
as a nonsteroidal anti-inflammatory agent. The possible 
stereoselective disposition of carprofen is of interest since 
it is a racemic compound with a chiral center at the 
a-carbon position. Other a-methylarylacetic acids have 


been shown to undergo stereoselective disposition and 
inversion at  the a-carbon (1-5). 


A TLC procedure was previously developed (6) for the 
quantitation of the enantiomers of [14C]carprofen as their 
diastereomeric (8)-(-)-a-methylbenzylamides. This TLC 
procedure has been used to study stereoselective elimi- 
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&$,,*H-cooH + 
H I 


CH, 


carprofen 


NH,-CH+ - 
I 


(8)-( -)-a-methylbenzylamine 


II 


(R ,S)  and (S ,S)  diastereomeric amides of carprofen 


nation of [14C]carprofen in rats (6) and humans (7). In the 
rat, the (R)- ( - )  enantiomer is eliminated from the blood 
and secreted in the bile as the ester glucuronide at  a rate 
approximately twice that of the (5')-(+) enantiomer. 
Concurrently, the (S)-(+) isomer, the pharmacologically 
more active enantiomer (8), persists longer in rat blood. 
Preliminary data suggested a preferred urinary elimination 
of the (S) - (+)  enantiomer as the ester glucuronide and a 
preferred fecal elimination of the (R)-(-)  enantiomer in 
humans (7). 


This report describes a high-performance liquid chro- 
matographic (HPLC) assay for the determination of the 
(S)-(+):(R)-(-)  ratios of carprofen in biological fluids by 
measuring the diastereomeric (S)-(-)-a-methylbenzyla- 
mide derivatives of carprofen. Whereas the radio-TLC 
stereospecific assay depends on labeled carprofen for 
quantitation, the HPLC assay can be used to evaluate 
clinical specimens from studies using nonlabeled drugs. 
This stereospecific HPLC assay, in conjunction with other 
assays (9, 10) for total carprofen, was used to study the 
stereoselective disposition of carprofen in humans. 


Scheme I 


EXPERIMENTAL 


Materials-The procedure relies on the reaction of racemic carprofen 
with (S)-(-)-a-methylbenzylamine' to form the (R,S)  and (S ,S)  dia- 
stereomers (Scheme I). However, the synthetic analytical standards, I 
and 11, were prepared by reacting the carprofen enantiomers with ( R ) -  
(+)-a-methylbenzylamine. Therefore, standards I and I1 are the antip- 
odes, respectively, of the (R,S)  and (S ,S)  diastereomers formed in the 
carprofen reaction procedure. A solution of 32.5 mg of 1,l'-carbonyldi- 
imidazole'/ml of chloroform was prepared daily. 


Carprofen-Carprofen (C15HlzClN02) has a molecular weight of 
273.72. A stock solution of 1 mg/ml in ethanol was prepared. Carprofen2 
labeled with carbon 14 in the a-position was used in certain experiments 
as indicated. The original specific activity of 9.91 pCi/mg was diluted in 
solution with appropriate amounts of unlabeled compound. 


For the (S)-(+) enantiomer the specific rotation in methanol was [a]E 
+53.7'; for the (R)-(-) enantiomer, the specific rotation in methanol was 
[a13 -54.2'. 


Standard I 3  [(S,R)-N-(2-Phenethyl)-a-methyl(6-chloro-SH-carba- 
zol-2-yl)acetamide]-Standard I (C23HzlClNzO) has a molecular weight 
of 376.88, mp 238-239'. It dissolved slowly in the HPLC solvent system 


Aldrich Chemical Co. 
'4C-Labeled carprofen was provided by Dr. A. Liebman and Dr. R. Muccino, 


Mr. L. Berger and Mr. A. Corraz, Chemical Research Department. Hoff- 
Chemical Research Department, Hoffmann-LaRoche. 


mann-LaRoche, synthesized the analytical standards I and 11. 


INJECTION 


I 


I I I 1 I I 1 
0 2 4 6 8 10 12 


TR, rnin 


Figure 1-HPLC (UV detection) of the products from the reaction with 
(S)(-)-a-methylbenzylamine. Key (A), reagent blank; B, standard 
carprofen; and C, control human urine spiked with carprofen. Peaks 
labeled GI)-(-) and fS)-(+) are the diastereomeric amides of the 
(R)-(-) and (S)-(+) enantiomers of carprofen, respectively. 


(0.75% CH30H in methylene chloride) at concentrations greater than 
0.5 mg/ml. 


Standard Z13 [(R,R)-N-(2-Phenethyl)-a-methyl(6-chloro-9H-car- 
bazol-2-yl)acetamide]-Standard I1 (C23HzlClN20) has a molecular 
weight of 376.88, mp 191-193'. It was soluble in the HPLC solvent system 
at  concentrations of 1.0 mg/ml. 


Reagents-The following analytical reagent grade chemicals were used: 
1 and 0.6 N NaOH, 0.1 and 6 N HCl, 1 and 0.2 M sodium acetate buffer 
(pH 5), 1 M potassium phosphate buffer (monobasic) (pH 71, 0.2 N 
NH40H (pH 111, acetic acid, formic acid, methanol, ethanol (anhydrous), 
chloroform (stabilized with 0.75% ethanol), methylene chloride, UV 
quality hexane, and ether4 (anhydrous). 


TLC-TLC plates were precoated with silica gel 60F-2545. Filter 
paper6 was used for lining the TLC tanks. A shortwave UV lamp was used 
for visualization of spots. 


Extraction and Purification of Carprofen from Biological 
Samples-Blood-Five-milliliter aliquots of blood were adjusted to pH 
5 with 2 ml of 1 M acetate buffer and extracted twice with 12 ml of ether. 
The blood-ether mixtures were shaken for 10 min in a reciprocating 
shaker7 at  60-80 strokedmin and centrifuged8 at  2400 rpm for 5 min at 
room temperature. The combined ether layers were evaporated to dryness 
with nitrogen in a 3MOo water bath9. The extract residues were dissolved 


J. T. Baker Chemical Co. 
Brinkmann Instruments. 
Whatman No. 1. 
Eberbach. 
Model K, IEC Corp. 
Organomation Associates N-EVAP. 
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Table I-HPLC (N = 38) Determination of the ( S ) - ( + ) : ( R ) - ( - )  
Values for Varying Amounts of Standard Carprofen 


8: 
6- 


~ ~ 


Amount 
of 


Carprofen (S)-(+):(R)-(-)  
Reacted, pg Value Found c v ,  % 


8j 
6. 


4. 
3- 
2. 


5 
10 
15 
20 
Average 


1.00 f 0.03 
1.01 f 0.01 
1.01 f 0.01 
1.01 f 0.01 


3.0 
1.0 
1.0 
1.0 
1.5% 


0 Number of separate reactions on different days. 


in 100 pl of ethanol and spotted on the TLC plate as 3-cm wide 
streaks. 


The plate was developed with chloroform-acetic acid (9010) until 
the solvent reached 14 cm from the origin. The UV-absorbing band cor- 
responding to carprofen ( R f  0.54) was well separated from biological 
impurities (R f  0.61). The silica gel containing carprofen was scraped off 
the plate and, after addition of 3 ml of 0.2 M acetate buffer (pH 5) ,  was 
extracted twice with 5 ml of ether. The combined ether layers were 
evaporated to dryness. 


Urine-Aliquots of 2-5 ml of urine were adjusted to pH 11 by the ad- 
dition of 1 ml of 1 N NaOH. After standing 2 hr a t  room temperature to 
cleave the ester glucuronides, the solution was adjusted to pH 5 and the 
deconjugated carprofen was extracted twice with 10 ml of ether as already 
described. The ethanolic extract was spotted on a TLC plate, and the 
plate was developed using chloroform-ethanol-formic acid (9010:5). 
Carprofen (R f  0.50) was extracted from the silica gel as previously de- 
scribed. When it was necessary to extract 10 ml of urine, two 5-ml aliquots 
were extracted in separate tubes and the extracts were combined before 
TLC analysis. 


Feces-Feces were homogenized in -10 volumes of ethanol-water 
(70:30), and a 10-ml aliquot of each homogenate was diluted with 5 ml 
of 1 M acetate buffer (pH 5). The resulting ethanolic suspension was 
extracted once with 20 ml of hexane-ether (32). The supernatant fraction 
was back-extracted with 5 ml of 0.6 N NaOH. After centrifugation, the 
hexane-ether phase was discarded. The alkaline layer was washed with 
10 ml of ether and, after centrifugation, the ether was discarded. Then 
0.5 ml of 6 N HCl and 2 ml of 1 M phosphate buffer (pH 7) were added 
to the alkaline extract. This solution was extracted twice with 10 ml of 
ether. 


The residue of this ether extract was dissolved in 7.5 ml of ethanol41 
N HCl(4:l). This solution was washed twice with 10 ml of hexane, and 
the hexane was discarded after each washing. The ethanol-hydrochloric 
acid layer was diluted with 7.5 ml of water and extracted once with 15 ml 
of hexane-ether (3:2). The residue of the hexane-ether extract was dis- 
solved in ethanol and spotted on a TLC plate. The plate was developed 
using chloroform-ethanol-acetic acid (901O:l). Carprofen (Rf 0.40) did 
not resolve from endogenous biological impurities in this system, ne- 
cessitating redevelopment in another solvent system; chloroform- 
methanol-concentrated ammonium hydroxide (70301) separated car- 
profen (Rf  0.12) from the biological impurities. Carprofen was extracted 
from the silica gel as already described. 


Derivatization Procedure (Scheme 1)-The derivatization proce- 
dure is based on the method used by VanGiessen and Kaiser (11) for the 
GLC determination of the enantiomers of ibuprofen, an a-methylary- 
lacetic acid. Carprofen standards were processed in duplicate with each 
series of unknowns in concentrations comparable to the expected car- 
profen concentrations in the unknowns (1.4-30 pg). The reaction was 
performed in 15-ml conical glass-stoppered centrifuge tubes. To the dried 
residues of the standards and the unknowns, 0.1 ml of the 1,l'-carbon- 
yldiimidazole solution was added. Each tube was rotated to permit the 
reactant to contact the residue completely. The mixture was allowed to 
stand at room temperature for 5 min, then 10 pl of acetic acid and 25 p1 
of (S)-(-)-a-methylbenzylamine were added stepwise, and the solution 
was mixed well with a vibrating mixer. The solution was centrifuged 
briefly and then was allowed to react a t  room temperature for 20 min. 


After completion of the reaction, 3 ml of 0.2 N NHIOH (pH 11) and 
5 ml of hexane were added. The tubes were stoppered tightly, shaken for 
10 min in a reciprocating shaker at 60-80 strokeslmin, and centrifuged 
for 5 min. A 4.5-ml aliquot of the hexane extract was transferred to a 
15-ml conical centrifuge tube and evaporated to dryness under nitrogen 
in a 3040' water bath. After drying thoroughly for 5 min in a desiccator 
in uacuo, the residue was dissolved in 0.5- 2.0 ml of the HPLC mobile 
phase and a 10-pl aliquot was injected into the liquid chromatograph. 
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HOURS POSTDOSE 
Figure 2-Blood leuels of carprofen (X) and of its (S)-(+) (A) and 
(R)-(-) (0 )  enantiomers in three subjects, each receiving 100 mg of 
carprofen. Key: A, Subject 111114; B, subject V/41; and C, subject 
Vl42. 
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Table 11-HPLC Determination of the (S) - (+) : (R)- ( - )  Values of Synthetic Mixtures of (S ) - (+ )  and (R) - ( - )  Carprofen Enantiomers 
in Human Blood and Urine 


~ ~~~~ 


Volume of (S)-(+ ):(R ) - (-) 
(S)-(+):(R)-(-) Total Biological Value Found 


Sample Value Added Added, f ig Sample. ml f SD na cv, % 


External standards 0.34 
1.07 
1.99 


Human blood 1.07 
1.50 
1.99 


Human urine 0.49 
1.07 
1.50 


17.5 
19.4 
29.8 
10.1 
10.5 
10.8 
21.6 
23.3 
24.2 


- 
- 
- 
5.0 
5.0 
5.0 
1.0 
1.0 
1.0 


0.33 f 0.001 
1.11 f 0.017 
2.00 f 0.005 
1.11 f 0.03 
1.5 f 0.04 
2.02 f 0.03 
0.48 * 0.01 
1.08 f 0.01 
1.39 f 0.03 


0.3 
1.5 
0.3 
2.7 
2.7 
1.5 
2.1 
1.0 
2.2 


a n = number of replicate samples. Each reaction sample was analyzed twice by HPLC. 


Table 111-Comparison of the HPLC Method with UV Detection 
and the Radio-TLC Method in Determining (S) - (+) : (R)- ( - )  
Values in Human Urine (Subject 11) after a Single 50-mg Oral 
Dose of [14C]Carprofen 


~ 


Excretion period, hour HPLC-UV Radio-TLC 


0-2 1.25 1.30 
2-4 
4-6 
6-9 
9-12 


i.26 
1.27 
1.16 
1.19 


1.34 
1.27 
1.16 
1.20 


12-24 1.27 1.24 
24-48 1.01 0.986 


(1 Average (S)-(+):(R)-(-)  values are based on duplicate determinations of each 
specimen by each method. 


HPLC Analysis of Diastereomeric Derivatives of Carprofen- 
Column-A 25-cm X 4.6-mm i.d. stainless steel column containing 10-pm 
silica gello was used along with a guard column". To maintain good 
performance, the column was sequentially washed (2.0 ml/min) with 200 
ml of methanol, 200 ml of methylene chloride, 200 ml of n-heptane, and 
60 ml of methylene chloride. 


Instrumental Parameters-The liquid chromatograph12 was equipped 
with a UV absorbance detector13 operated at 254 nm and a solvent de- 
livery system14. A fluorescence detector15, operated at  240 nm for exci- 
tation and at wavelengths greater than 350 nm16 for emission, was used 
for a limited number of HPLC analyses. The isocratic mobile phase was 
a mixture of 0.75% CH3OH in methylene chloride at  a head pressure of 
450 psi and at a constant flow rate of 2.0 ml/min. Solvents were routinely 
filtered and degassedI7 immediately before use. 


aufs, and the fluorescence 
detector sensitivity was 0.1 pA.F.s. The chart speed on the recorderla was 
2.5 cm/min. A full-scale pen response was obtained with an injection of 
75 ng of each diastereomer when operating in either detection mode. 
Under these conditions, the (R,S) diastereomer and standard I had the 
same retention time of 6.4 min with k' = 5.1. The (S ,S)  diastereomer and 
standard I1 had the same retention time of 7.6 min with k' = 6.7. 


Analytical Standards-Separate stock solutions of standards I and 
I1 were prepared by dissolving 5.000 mg of the former and 5.041 mg of the 
latter in 500 ml of 0.75% CH30H in methylene chloride. The stock solu- 
tions were diluted with this same solvent to prepare solutions of 5, 10, 
25,50, and 75 ng/lO pl. Ten-microliter aliquots of these solutions were 
injected as external standards for establishing the HPLC parameters. 
The computed UV peak areas, as well as peak heights, were plotted uersus 
concentration, and the UV detector was shown to respond linearly and 
equivalently to both diastereomers. 


Quantitation and Calculations-Free and total carprofen concen- 
trations were determined in urine and feces of subjects given [14C]car- 
profen by the radiometric method (6). Free carprofen in blood was 
quantitated by HPLC (9). UV detection and computer integration of the 


The UV detector sensitivity was 1 X 


lo Whatman Partisill0 adsorbent. 
l1 Whatman HC Pellosil packing (38 pm silica gel). 
12 Model ALC/GPC 204, Waters Associates. 
13 Model 440, Waters Associates. 
l4 Model 6000A, Waters Associates. 
l5 Schoeffel model FS-970. 
l6  Corning No. 0-52 filter. 


1s Hewlett-Packard model 7132A. 
All-glass filter apparatus, 47 mm, Millipore Corp. 


areas under the (S ,S)  and (R,S) diastereomer peaks were used to deter- 
mine the (S)-(+):(R)-(-) ratios, which were applied to the carprofen 
concentrations to determine the concentrations of the individual car- 
profen enantiomers. 


RESULTS AND DISCUSSION 


Characteristics of Stereospecific Carprofen Assay-Typical 
chromatograms for a reagent blank, standard carprofen, and spiked 
human urine are shown in Fig. 1. To minimize the presence of UV-ab- 
sorbing impurities and to obtain adequate HPLC separation of the dia- 
stereomers, it was necessary to modify the procedures described in the 
original radio-TLC method (6). Extraction of the reaction product into 
hexane from an alkaline aqueous phase (instead of ether at pH 5) removed 
certain acidic and more polar by-products and provided a product suf- 
ficiently pure for direct HPLC analysis. The concentration of early eluting 
UV-absorbing impurities that interfered with the (R)-(-)-carprofen 
diastereomeric amide peak could be reduced satisfactorily by reacting 
carprofen with half the amount of each reagent used previously (6). 


[14C]Carprofen was used to determine the overall formation of the 
diastereomeric amides. The radioactivity determined in the reaction 
extract indicated that the reaction yield was 62.3 f 2.9% (SD), equivalent 
to the yield found with the original procedure (6). 


The overall percent recovery of carprofen from urine after extraction, 
preparative TLC, a second extraction, derivatization, and final extraction 
was 39.3 f 2.3% ( S D )  with a detection limit of 0.6 pg/ml when 10 ml was 
extracted. The feces assay had a recovery of 29.2 f 3.75% with a detection 
limit of 0.6 pg/ml of homogenate when a 10-ml aliquot of homogenate was 
extracted. The blood assay had a recovery of 41.5 f 8.3% with a limit of 
detection of 0.27 pg/ml when a 5-ml aliquot was extracted. 


Table I presents the statistical evaluation of the (S)-(+):(R)-(-) values 
found for carprofen reacted over a range of concentrations. The results 
show that the method is reproducible. Therefore, modification of the 
derivatization and extraction procedure did not affect overall yield and 
reproducibility. 


To check the accuracy and precision of the method, biological samples 
spiked with carprofen were analyzed. The following mean (S)-(+):(R)-(-) 
ratios ( fSD)  were found at  the indicated concentrations of carprofen: 
0.27 pg/ml in blood, 1.03 f 0.05 (n  = 4); 0.83 pg/ml in blood, 0.98 * 0.04 
(n = 9); 1.0 pglml in urine, 0.99 f 0.02 (n = 7); 2 pglml in urine, 0.99 f 
0.01 (n = 3); and 22 pg/ml of fecal homogenate, 1.02 f 0.03 (n = 3). In 
addition, blood and urine were spiked with synthetic mixtures of car- 
profen enantiomers with varying (S)-(+):(R)-(-) ratios. The coefficients 
of variation of the ratios found were 52.7% (Table 11). These results in- 
dicate that the method is accurate and precise. 


Fluorescence detection was used for determining the (S)-(+):(R)-(-) 
values in a limited number of samples. Carprofen standards of 10 and 20 
pg were reacted, and the diastereomers were quantitated by computer- 
integration of the peak areas or by measurement of peak heights. The 
(S)-(+):(R)-(-) values had a mean of 0.987 f 0.012 (& SD) (n = 22). 
Fluorescence detection shows promise as an alternative detection mode, 
especially when UV contaminants are present. 


Application to Biological Specimens-To compare the radio-TLC 
and HPLC methods, urine samples from a subject who had ingested 50 
mg of [14C]carprofen (0.5 pCi/mg) were analyzed by both methods. The 
(S)-(+):(R)-(-) ratios obtained by the two methods were nearly identical 
(Table 111). 


Blood specimens were obtained from three human subjects who were 
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Table IV-Determination of ( S ) - ( + ) : ( R ) - ( - )  Values in Human Blood following a Single 100-mg Oral Dose of Carprofen a 


Hours after Administration 
Subject 0.5 1.0 2.0 4.0 6.0 8.0 12.0 16.0 


111114 1.23 1.40 1.16 1.45 1.46 1.52 
v141 1.19 1.22 1.15 1.51 1.35 1.77 
v142 NA 1.08 1.22 1.35 1.31 1.38 


1.41 1.40 
1.65 1.92 
1.40 1.36 


Ratios for Subjects III/14 and V/41 were determined by the HPLC method, and the ratios for Subject V/42 were determined using a fluorometric TLC procedure. 
For the latter subject, carprofen was extracted by the standard procedure from 9-11 ml aliquots of blood containing 0.2-1.8 pg of carprofen. After cleanup of carprofen 
by extraction with sodium hydroxide and by TLC, the diastereomeric derivatives were formed, separated by TLC, and extracted from the silica gel bands with 2.5 ml 
of ethanol-1% acetic acid. Comparison of the fluorescence intensities measured at 370 nm (emitting wavelength) after activating at 295 nm resulted in the fluorescence 
(.S)-(+):(Z?)-(-) ratios for racemic carprofen of 0.986 f 0.002. 


Table V-Urinar and Fecal Excretion of Carprofen and Its Individual Enantiomers in Three Human Subjects Following Single 


Not analyzed. 


50-mg Doses of [ r C] Carprofen 


CarDrofen and Enantiomer Excretion in Percent of Dose 
Subject I Subject I1 Subject I11 


Total" Totala Total" 
(T) (T) (TI 


Excre- orFree (S ) -  orFree (S ) -  orFree ( S ) -  
tion Total (F) (+): Total (F) (+): Total (F) (+): 


Period, Carbon Car- ( R ) -  (S)- (R)-  Carbon Car- ( R ) -  ( S ) -  ( R ) -  Carbon Car- ( R ) -  ( S ) -  ( R ) -  
Excreta hr 14 profen (-) (+) (-) 14 profen (-) (+) (-1 14 profen (-1 (+) (-) 


Urine 0-24 57.6 53.5T 1.2b 29.2 24.3 62.4 53.4T 1.3b 30.2 23.2 44.8 39.7 1.3b 22.4 17.3 
24-48 9.6 8.3 T 1.0 4.2 4.2 5.7 4.6T 1.0 2.3 2.3 7.7 6.3 1.1 3.3 3.0 
4 S 7 2  4.2 3.3T 0.7 1.4 1.9 2.4 2.0T NAC NA NA 2.5 2.0 1.0 1.0 1.0 
0-72 71.4 65.1 T 34.8 30.4 70.5 60.0 T 32.5d 25.5d 55.0 48.0 26.7 21.3 


Feces 0-24 ND" ND NA NA NA 3.0 2.0F NA NA NA 1.0 NA NA NA NA 
24-48 3.6 2.0F 0.4 0.6 1.4 1.0 0.3F 0.3 0.1 0.2 19.6 10.0 0.4 1.2 2.9 
4 a 7 2  3.1 2.0F 0.4 0.6 1.4 4.4 2.0F 0.3 0.5 1.5 8.5 3.0 0.5 0.7 1.6 
72-96 5.1 3.0F NA NA NA 4.3 2.0F 0.3 0.5 1.5 3.5 1.0 0.5 0.4 1.1 


0-96d 11.8 7.0F 1.2 2.8 12.7 6.3F ' 1.1 3.2 32.6 14.0 2.3 5.6 
29.0 26.9 Total (urine and 83.2 72.1 F 36.0 33.2 83.2 66.3 F 33.6 28.7 87.6 62.0 


Feces) 
~ ~ ~~ 


0 Free carprofen plus ester glucuronide. b The (S')(+):(Z?)-(-) values were determined for the excretion periods&2,2-4,44,6-9,9-12, and 12-24. The mean ( .S-)(+):(R)-(-)  
values for 0-24 hr are presented. The standard deviation was f0.1 in each case. These sums for carprofen and its enantiomers are minimum values 
because not all samples over the time period were analyzed. However, the samples not analyzed contained little radioactivity so their absence should not significantly 
affect the total excretion values. 


Not analyzed. 


Not detected. 


each administered a single oral dose of 100 mg of carprofenlg. Intact 
carprofen had been shown by Rubio et al. (10) to be the predominant 
component in human plasma during the first 12 hr after single-dose ad- 
ministration. Data on the enantiomeric ratios in the blood are presented 
in Table IV. The (S) - (+)  enantiomer exceeded the (R)-(-)  enantiomer 
a t  all time points, which is consistent with previous results (7). In addi- 
tion, there was a small increase in the (S)-(+):(R)-(-) ratios with respect 
to time. The mean (f SD)  of the ratios in the 4-16-hr blood samples was 
1.48f 0.17, which was significantly higher (p < 0.001, Student t test) than 
the mean (f S D )  of 1.21 f 0.09 found for the early blood samples (0.5-2 
hr). The relatively constant (S)-(+):(R)-(-)  ratios in the 4-16-hr blood 
samples from the three human subjects resulted in parallel fall-off curves 
for the two enantiomers (Fig. 2). This finding suggests that assays for total 
carprofen would reflect the concentration of the pharmacologically more 
active (S)-(+) enantiomer, at least during this time period. 


Previously a larger increase in (S ) - (+) : (R) - ( - )  ratios was seen in the 
blood of two rats given carprofen intravenously (6). The 1-hr blood 
samples had ratios of 1.14 and 1.21, while the 6-hr blood samples had 
ratios of 2.09 and 2.39. In these rats, the (R) - ( - )  enantiomer was elimi- 
nated from the blood at a rate approximately twice that of the (S) - (+)  
isomer. Therefore, the stereoselective disposition of carprofen is more 
pronounced in rats than in humans. 


Rubio et al. (10) reported that three human subjects administered 
single oral 50-mg doses of [14C]carprofen excreted (0-120 hr) a mean (* 
S D )  of 2.8 f 0.5% of the dose in the urine as free carprofen and 63.1 f 
10.8% as carprofen ester glucuronide. In the feces, a mean of 7% of the 
dose was recovered as directly extractable intact carprofen. Similar results 
were obtained by Ray et al. (12) after administration of single 100-mg 
doses of [14C]carprofen to three human subjects. 


Urine and fecal samples from the Rubio et al. study (10) were analyzed 
by the stereospecific assay (Table V). In all urine samples collected be- 
tween 0 and 24 hr, the (S)-(+) enantiomer exceeded the @)-(-) enan- 
tiomer; after 24 hr, urinary (F)-(+):(R)-(-) values were close to unity with 
the exception of the 48-72-hr urine of Subject I where the ratio was 0.7. 


'9 Three normal volunteers, each receiving a single 100-mg dose of carprofen, 
were part of a study conducted by Dr. James D. Moore, University of Montana 
Foundation, Deer Lodge, Mont. 


The ( R ) - ( - )  enantiomer of free carprofen predominated in all fecal 
samples between 24 and 96 hr. These data demonstrate the stereoselective 
excretion of carprofen by humans. 


Other a-methylarylacetic acids that are structurally related to car- 
profen undergo stereoselective inversion. Cicloprofen undergoes (R)-(-)  
to (S)-(+) inversion in rats (2, 3), monkeys (2), and dogs (4), and both 
ibuprofen (1) and benoxaprofen (5) undergo (R)- ( - )  to (S)-(+) inversion 
in humans. In each case, inversion was unequivocally demonstrated by 
the administration of the (I?)-(-) enantiomer. Only the racemic mixture 
of carprofen has been given to humans. The amount of the (S)-(+) en- 
antiomer of carprofen in the total urinary and fecal excretion exceeded 
the amount of the (R)-(-) enantiomer by only 2.149% of the dose (Table 
V). The data did not show any significant amount of stereoselective in- 
version of carprofen. However, since excreted carprofen accounted for 
only 62-72% of the administered dose, stereoselective inversion cannot 
be excluded as a possibility. 
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Abstract In uitro permeation studies with biological membranes often 
involve long, aqueous maceration of the tissue. The present investigation 
examined the possible effects of hydration on barrier integrity of Swiss 
mouse skin, using water, methanol, ethanol, and butanol as permeants 
and a previously developed procedure involving multiple, sequential 
permeation runs on each piece of skin. The permeation rate of water in- 
creased almost linearly up to 30 hr of hydration and then tended to level 
off. Transport rates of methanol and ethanol increased asymptotically 
and then plateaued at  -15 hr. These results contrast with earlier findings 
on hairless mouse skin where the permeabilities of these three compounds 
.were unaffected by aqueous immersion. The permeation rate of butanol 
also increased during the first 15 hr of hydration but gradually declined 
over the next 25 hr. This result again contrasts with the hairless mouse 
species in which butanol permeability doubled in 10 hr and then pla- 
teaued. The species differences in the hydration profiles appear related 
to the vastly dissimilar pellages and, in the Swiss mouse, may indicate 
greater involvement of the transfollicular pathway. 


Keyphrases Hydration-effect on water and alkanol permeation 
through Swiss mouse skin, comparison with hairless mouse Absorption, 
percutaneous-effect of hydration on water and alkanol permeation 
through Swiss mouse skin, comparison with hairless mouse 0 Perme- 
ability-effect of hydration on water and alkanol absorption through 
Swiss mouse skin, comparison with hairless mouse 


A previous study (1) on the influence of long aqueous 
immersion (hydration) on the permeability properties of 
hairless mouse skin used a method involving sequenced, 
in uitro diffusional experiments on each skin membrane. 
Hydration-related alterations of the permeation behaviors 
of a series of compounds were systematically investigated, 
and the observed effects were related to the physico- 
chemical properties of the permeants and mass transport 
mechanism. The permeabilities of water, methanol, and 
ethanol were not affected by immersion of the skin in 
normal saline. The permeabilities of butanol and hexanol 
doubled and reached asymptotes in 10 hr of hydration. The 
permeation rate of heptanol only increased by -509'0, while 
octanol showed an initial 50% increase followed by a 25% 
decline to assume an invariant rate with a net 25% hydra- 
tion-induced alteration. 


In view of the experimental and possible mechanistic 
significance of the hydration-induced permeability al- 
terations, the present study compared the influence of 
hydration on the skin permeability of the Swiss mouse, to 
that of the hairless mouse. The results obtained proved the 
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Figure 1-Series of receiver concentration versus time profiles for eight 
sequential permeation runs on a single skin. This figure is one set of data 
from the methanol (r)-butanol(O) series detailed in the text. Key: Run 
1, t o  = 0 hr; Run 2, t o  = 5 hr; Run 3, t o  = 10 hr; Run 4,  t o  = 15 hr; Run 5, 
to  = 20 hr; Run 6, to  = 25 hr; Run 7, t o  = 30 hr; and Run 8, to = 43 hr. 


skins of the two species to be exceedingly different in their 
chemical barrier properties, both in terms of absolute rates 
of permeation of the low molecular weight alcohols and in 
their hydration sensitivities. 


EXPERIMENTAL 


Chemi~als-[~H]Waterl, ["H]methanoll, [14C]ethano12, and [14C]- 
butano12 were used as received. The radiochemicals were diluted into 0.9% 


New England Nuclear, Boston, MA 02218. * International Chemical and Nuclear Corp., Irvine, CA 92715. 
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reveal the impact of scar formation on the bioavailability 
of drugs and irritants applied topically over the scarred 
surface. 
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REVIEWS 


Controlled Release of Bioactive Materials. Edited by RICHARD 
BAKER. Academic, 111 Fifth Ave., New York, NY 10003.1980.473 
pp. 15 X 23 cm. Price $34.50. 
This book constitutes a collection of 27 papers delivered at  the sixth 


International Symposium on Controlled-Release Materials in New Or- 
leans in 1979. The first 12 papers deal with various aspects of controlled 
drug delivery systems. 


In the first paper, Heller and Baker review the theory and practice of 
controlled drug delivery from biodegradable polymers. The mechanisms 
of drug release from these polymers are discussed in depth, and several 
illustrative examples are presented. Applications of biodegradable 
polymers are discussed further in the ensuing two papers by Pitt et al. 
and Petersen et al. 


In the fourth paper, Theeuwes and Echenhoff present the applications 
of osmotic drug delivery systems. The design and experimental perfor- 
mance of two osmotic devices are described. The generic osmotic pump 
(Alzet) is designed to deliver the contents of 170 p1 at  the rate of either 
1 plhr  over a 1-week period or 0.5 p l h r  over 2 weeks. The other device 
is the elementary osmotic pump, which is generally fabricated in the 
shape of a tablet, with a single-delivery orifice. A paper by Chandrasek- 
aran and Shaw is concerned with controlled, transdermal drug de- 
livery. 


Other papers of pharmaceutical interest deal with polymers that in- 
clude poly(1actic acid) and the hydrogels. Rhine and coworkers present 
a new approach to achieve zero-order release kinetics from diffusion- 
controlled polymer matrix systems. The theoretical basis for these ki- 
netics is presented as is a comparison of kinetics from matrix devices of 
other geometries. 


The second half of the book is concerned essentially with topics not 
directly related to drug delivery systems. Controlled-release systems 
containing insecticides, molluscicides, and plant growth regulators are 
discussed and described. Implantable systems for the delivery of insect 
growth regulators to livestock are evaluated by Jaffe and coworkers. The 
basic technology used to design several of these systems is very similar 
to drug-containing devices. 


This book is a collection of high quality research papers, prepared by 
scientists in widely different fields. As such, the book is highly recom- 
mended for both academic and industrial pharmaceutical scientists, 


chemists, biologists, and chemical engineers who have an interest in 
controlled-release technology. 


Reviewed by James W. McGinity 
College of Pharmacy 
Uniuersity of Texas at Austin 
Austin, T X  78712 


British National Formulary 1981: Number 1. The Pharmaceutical 
Press, 1 Lambert St., London, SE17JN, England. 1981.387 pp. 12 X 
23 cm. Price E3.80 
The British National Formulary is designed for use by doctors, 


pharmacists, and nurses in the National Health Service in the United 
Kingdom. Unlike earlier editions that were published every 2 or 3 years 
and contained only those drugs and preparations having the confidence 
of the Joint Formulary Committee, the 1981 edition is an outgrowth of 
the Committee’s response to requests for a wider coverage of drugs 
available in the United Kingdom and more detailed guidance in pre- 
scribing and dispensing. 


This new edition provides more descriptive information to assist the 
prescriber in selecting the appropriate treatment for a particular patient. 
A double-column format was followed to accommodate the increased 
volume of information and to allow the book to “still tit into the doctor’s 
pocket.” 


The BNF begins with sections on Guidance on Prescribing and 
Emergency Treatment on Poisoning. The main text consists of classified 
notes divided into 15 chapters: Gastro-intestinal System; Cardiovascular 
System; Respiratory System; Central Nervous System; Infections; En- 
docrine System; Obstetrics and Gynaecology; Malignant Disease and 
Immunosuppression; Nutrition and Blood; Musculoskeletal and Joint 
Diseases; Eye; Ear, Nose, and Oropharynx; Skin; Immunological Products 
and Vaccines; and Anaesthesia. Each chapter begins with appropriate 
notes for prescribers to facilitate selection of suitable treatment followed 
by detailed monographs of the relevant drugs and preparations (indi- 
cations, contraindications, cautions, side-effects, doses, dosage forms, 
routes of administration, and relative prices). Drugs appear under their 
pharmacopoeia1 titles or British Approved Names and are listed alpha- 
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betically unless there is a drug of choice, which then is listed first. Prep- 
arations are listed immediately following the drug that is their main in- 
gredient. 


Appendixes 1-3 contain pertinent information on drug interactions, 
intravenous additives, and borderline substances. A small formulary 
section also is included for dispensing those preparations commonly 
prepared extemporaneously, as are a dental formulary, an index of 
manufacturers, and an extensive subject index. 


The BNF is a pocket book for easy referral, and thus cannot contain 
all the information necessary for prescribing and dispensing, but should 
be supplemented by manufacturer’s data sheets and specialized texts 
as needed. 


Future editions will be published twice a year to maintain current in- 
formation on the drugs and preparations. 


Staff Reuiew 


The Use of Alternatives in Drug Research. Edited by ANDREW N. 
ROWAN and CARL J. STRATMANN. University Park Press, 233 
E. Redwood St., Baltimore, MD 21202.1980.190 pp. 15 X 23 cm. Price 
$24.50. 
The advent of the National Toxicology Program has caused a re- 


thinking of the procedures available for economical toxicological as- 
sessment of the thousands of chemicals to which people are exposed and 
the means whereby such exposure can be limited or prevented. This 
volume follows the pathway of chemical evaluation by in uitro systems 
designed to reduce, but not eliminate, the use of animals in pharmaco- 
logical and toxicological research. As the various contributors state, there 
comes a time when only the whole animal will provide the final an- 
swer. 


Hanseh’s coptribution points out a logical manner in which modern 
drug modifications can be carried out in uitro utilizing computer tech- 
niques that allow rational changes in basic molecules to increase potency 
and decrease possible side effects, utilizing partition coefficients and 
binding to receptor sites. Many contributors point out that in uitro use 
of bacteria and cultured cells and tissues can indicate binding sites that 
cannot be determined by in uiuo studies. Thus, the techniques that have 
been used to develop treatments for polio, mumps, and measles now can 
be used to screen antiviral chemicals to determine their antiviral potency 
and the maximum concentrations at  which no toxic effects are caused 
to tissue culture cells. 


Macrophages can be grown in culture, and in uitro studies of cellular 
immunity can be undertaken prior to whole animal testing. Microphar- 
macokinetics of various agents can be undertaken with this system. 
Protozoan diseases now can be studied with culture systems, and the 
various diseases afflicting humans and animals, such as trypanosomiasis, 
leishmaniasis, trichomoniasis, and amoebiasis, in either vector or verte- 
brate forms, can be evaluated for chemical susceptibility. 


Pharmacologists have utilized both tissue slices and cell-free systems 
to study chemical biotransformations, enabling the evaluation of meta- 
bolic processes prior to introduction into whole animals, but the conju- 
gation processes are not usually included in such studies and overall ex- 
cretion may result in damage to such organs as the kidneys. However, 
tissue perfusion can eliminate this drawback partially. The mechanisms 
whereby both inorganic and organic chemicals exert their toxic effects 
on cell membranes and constituents can be studied with such models as 
amoeba proteus and isolated rat hepatocytes. Immunological prepara- 
tions have been prepared by in uitro methods, but numerous biologicals 
have caused disease in humans because they contained live viruses; either 
the viruses were not killed during processing or they were not susceptible 
to the antiviral agent used. Thus, whole animal testing must be con- 
ducted. 


By far, the greatest application of in uitro tests is the microbiological 
assessment of mutagenic and possible carcinogenic potentials of chemi- 
cals. Such methods are discussed by Rosenkrantz et al . ,  who point out 


the various modifications of microbial assays, the activation by S-9 
fractions from various tissues, and the pitfalls encountered. However, 
such tests coupled with various cultured animal and human cell lines 
greatly assist in showing cell transformations and their possible link to 
the mutagenic and carcinogenic processes. 


Of all in uiuo tests used for the determination of skin and eye irritation, 
the Draize test has had the greatest application and has caused the most 
emotional impact. This eye test does not differentiate intermediate ir- 
ritants and has a great degree of subjectivity. Recently, a cytotoxicity test 
was proposed based on the in uitro effects of irritants on 1-929 mouse 
embryo cells. The results obtained compare favorably with eye irritation 
obtained in the Draize test. However, more work must be done to estab- 
lish it as the method of choice. 


In general, this symposium volume should indicate to pharmacologists 
and toxicologists that in uitro procedures should be applied to drug de- 
velopment and chemical evaluation during preliminary research. The 
succinct nature of the material presented and the extensive bibliography 
recommend this volume, and it should be in the library of all researchers 
and students in these fields. 


Reuiewed by Thomas J. Haley 
National Center for Toxicological 


Jefferson, AR 72079 
Research 


NOTICES 


Scientific Considerations in Momtoring and Eualuating Toxicological 
Research. Edited by EDWARD J. GRALLA. Hemisphere Publishing 
Corp., 1025 Vermont Ave., N.W., Washington, DC 20005. 1981. 221 
pp. 15 X 23 cm. Price $24.50. 


Aduances In Chromatography, Vol. 19. Edited by J. CALVIN GIDD- 
INGS, ELI GRUSHKA, JACK CAZES, and PHYLLIS R. BROWN. 
Dekker, 270 Madison Ave., New York, NY 10016. 1981.312 pp. 15 X 
23 cm. Price $39.75 (20% higher outside the United States and 
Canada). 


Recent Developments in Chromatography and Electrophoresis, 10. 
Edited by ALBERT0 FRIGERIO and MALCOLM McCAMISH. 
(Analytical Chemistry Symposia Series, Vol. 3.) ElseviedNorth-Hol- 
land, 52 Vanderbilt Ave., New York, NY 10017.1980.342 pp. 16 X 24 
cm. Price $68.25. 


High-Performance Liquid Chromatography: Aduances and Perspec- 
tiues, Vol. I Edited by CSABA HORVATH. Academic, 111 Fifth Ave., 
New York, NY 10003.1980.330 pp. 15 X 23 cm. Price $35.00. 


High-Performance Liquid Chromatography: Aduances and Perspec- 
tiues, Vol. 2. Edited by CSABA HORVATH. Academic, 111 Fifth Ave., 
New York, NY 10003.1980.341 pp, 15 X 23 cm. Price $39.50. 


Further Studies in the Assessment of Toxic Actions. Archives of Toxi- 
cology, Supplement 4. (Proceedings of the European Society of Tox- 
icology meeting in Dresden, 1979.) Edited by P. L. CHAMBERS and 
W. KLINGER. Springer-Verlag New York, 44 Hartz Way, Secaucus, 
NJ 07094.1980.507 pp. 16 X 24 cm. 


IARC Monographs on the Evaluation of the Carcinogenic Risk of 
Chemicals to Humans. Supplement 2. Long-Term and Short-Term 
Screening Assays for Carcinogens: A Critical Appraisal. International 
Agency for Research on Cancer. World Health Organization, 1211 
Geneva 27, Switzerland. 1980. 426 pp. 17 X 24 cm. Price US. $25.00 
(Sw.fr. 40.00). 


IARC Monographs on the Eualuation of the Carcinogenic Risk of 
Chemicals to Humans. Vol 23: Some Met& and Metallic Com- 
pounds. International Agency for Research on Cancer. World Health 
Organization, 1211 Geneva 27, Switzerland. 1980.438 pp. 16 X 24 cm. 
Price U.S. $30.00 (Sw.fr. 50.00). 
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Figure %-Liquid chromato- 
graphic trace of the extract of 
a multivitamin-multimineral 
tablet. Key: A, niacinamide; B, 
pyridoxine; C, thiamine; and 
D, riboflauin. 
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separation of all four water-soluble vitamins is possible (Figs. 1 and 2). 
There also is a baseline separation of the vitamins in the dimethyl sulf- 


oxide extract (Fig. 3). 
To validate the selectivity of the procedure, placebo formulations 


spiked with known amount of the vitamins were employed. The results 
are tabulated in Table 111. All four vitamins were quantitatively recovered 
in both multivitamin and multivitamin-multimineral tablets. 


To verify the applicability of this procedure further, various com- 
mercial multivitamin and multivitamin-multimineral tablets were as- 
sayed simultaneously by the HPLC and the USP methods (Tables IV 
and V). In each case, the precision of the HPLC procedure was greater 
than that of the current official procedure. This result may be attributed 
to the less complicated sample workup required by the former procedure. 
However, the results of the two methods compared favorably in terms 
of accuracy. 


The described HPLC method appears to be attractive in terms of 
analysis time and should be adapted to various commercial products. The 
column lifetimes under these conditions of minimum sample preparation 
initially was a subject of concern. However, over 500 preparations were 
processed without change in the chromatographic characteristics of the 
system. This stability may be due in part to the small quantities of sample 
injected and in part to the proper care as recommended by the column 
supplier. The methodology for the HPLC determination of other vitamins 
is currently under investigation and will be published later. 
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Abstract 0 Dissolution profiles were determined for nine methenamine, 
14 nitrofurantoin. and six chlorothiazide dosaee forms usine a dissolution 


rothiazide tablets between the percent of drug dissolved in 1 min or the 
time for 15% dissolution and the maximum excretion rate. 


I I 


simulator. Various in uiuo-in uitro correlations were examined. The best 
correlation for methenamine was between the maximum urinary excre- 
tion rate and the time for 15% dissolution. A good correlation for the 
50-mg nitrofurantoin tablets was also found between cumulative percent 
of drug excreted in 12 hr and the percent dissolved in 1 hr. There were 
no significant correlations for the 100-mg nitrofurantoin dosage forms. 
Good correlations were also observed for the 250- and 500-mg chlo- 


Keyphrases 0 Dissolution-profiles for methenamine, nitrofurantoin, 
and chlorothiazide, dissolution simulator Dissolution simulator- 
profiles for methenamine, nitrofurantoin, and chlorothiazide Meth- 
enamine-dissolution profile using dissolution simulator 0 Nitrofu- 
rantoin-dissolution profile using dissolution simulator 0 Chlorothia- 
zide-dissolution profile using dissolution simulator 


Many methods developed to study the i n  vitro dissolu- 
tion properties of dosage forms have been reviewed pre- 
viously (1). The primary objective of most efforts to de- 


velop in uitro dissolution procedures is to provide data that 
can be related to the performance of oral dosage forms 
when administered to human subjects. One sophisticated 
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MINUTES 
Figure 1-Dissolution profiles for nine methenamine formulations. 
Each data point is the  mean of two determinations. The  simulated in- 
testinal phase began after 32 min. 


instrument developed recently is a dissolution simulator1, 
which is designed to be utilized in conjunction with an 
absorption simulator2. It is claimed (2) that these devices 
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Figure 2-Dissolution profiles for seven 50-mg nitrofurantoin formu- 
lations. Each data point represents the mean of two determinations. 
T h e  intestinal phase began after 32 min. 
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Figure 3-Dissolution profiles for seven 100-mg nitrofurantoin for- 
mulations. Each data point represents the mean of two determinations. 
T h e  intestinal phase began after 32 min. 


provide i n  vitro data that correlate well with i n  vivo bio- 
availability data. However, relatively little data demon- 
strating the applicability of these devices (3-5) have been 
published. 


BACKGROUND 


The dissolution simulator is composed of two identical dissolution 
systems that permit the simultaneous evaluation of two dosage forms. 
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Figure 4-Dissolution profiles for  three 250-mg chlorothiazide tablet 
formulations (Products I ,  3, and 4) and three 500-mg chlorothiazide 
tablet formulations (Products 2, 5, and 6) in simulated gastric fluid. 
Each data point represents the mean of two determinations. 
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The dissolution process takes place in two plastic cylinders. Dissolution 
fluid (100 ml) is placed in each cylinder, along with the dosage form and 
70 g of glass beads. The cylinders rotate around a horizontal axis a t  1.2 
cpm to provide gentle agitation. The cylinder contents are maintained 
at 37', and the pH of the dissolution fluid may be changed during the 
dissolution process by the addition of buffer salts. Samples ranging from 
2.5 to 7.5 ml are automatically withdrawn and collected for analysis a t  
sampling intervals of 0.540 min. The volume of dissolution fluid removed 
by sampling is replaced by fresh solution contained in a reservoir. The 
manufacturer recommends that the rate of sample withdrawal should 
be determined from data obtained in preliminary studies with the ab- 
sorption simulator. The sampling rate for the dissolution simulator is 
directly related to the rate of drug diffusion in the absorption simu- 
lator. 


The absorption simulator is essentially a dialysis cell designed to de- 
termine the diffusion rate of a drug, dissolved in either simulated gastric 
or intestinal fluid, across a membrane coated with a lipid substance into' 
a pH 7.5 buffer. The diffusion rate is reported to be related to the rate 
of drug diffusion across the membranes of the GI tract. 


Since little data were available to permit an evaluation of the corre- 
lation between in uitro dissolution data obtained with the dissolution 
simulator and the bioavailability of oral dosage forms in humans, a series 
of studies was initiated. The present study reports dissolution data for 
nine methenamine, 14 nitrofurantoin, and six chlorothiazide dosage 
forms. Each formulation was the subject of previous in uiuo urinary ex- 
cretion studies with healthy human subjects (6-8). 


EXPERIMENTAL 


Absorption Simulator Studies-Each drug was dissolved in 100 ml 
of simulated gastric fluid (pH 1.1) containing hydrochloric acid, sodium 
chloride, and aminoacetic acid or in simulated intestinal fluid (pH 6.5) 
containing phosphate buffer. The initial drug concentrations were 200 
pg/ml for the methenamine and chlorothiazide solutions and 100 pg/ml 
for the nitrofurantoin. A membrane with an effective surface area of 80 
cm2 was used for both the simulated gastric and intestinal phase diffusion 
studies. The composition of the lipid coating of the membrane was dif- 
ferent for the two studies, but the nature of the coating was not available 
from the supplier. 


The gastric and intestinal phase studies used artificial gastric and in- 
testinal membranes3. The drug diffused from the gastric or intestinal 
phase, across the membrane, into the simulated plasma phase, which was 
a pH 7.5 phosphate buffer. A t  least three samples were collected from 
each phase at equal time intervals, and each study was done in duplicate. 
The resulting data were employed to calculate a diffusion rate constant, 
which was subsequently used to estimate an appropriate sampling rate 
for the dissolution simulator, according to a previous method (9). 


Dissolution Simulator Studies-Each dosage form of the three drugs 
was initially placed into the simulated gastric fluid. The sampling rates 
for each drug were as follows: methenamine, 2.5 ml every 15 rnin for 30 
min; nitrofurantoin, 2.5 ml every 16 min for 32 min; and chlorothiazide, 
7.5 ml every 0.5 min for 5 min. At  the end of the gastric phase, phosphate 
buffer was added to the dissolution fluid to increase the pH to 6.5 for 
methenamine and nitrofurantoin. Dissolution studies of the chlo- 
rothiazide formulations were only studied using the gastric phase. The 
sampling rates during this intestinal phase were as follows: methenamine, 
2.5 ml every 5.5 min for 278 min; and nitrofurantoin, 2.5 ml every 16 rnin 
for 240 min. Two units of each drug formulation were studied. In addition, 
six tablets of one lot of nitrofurantoin were used to measure the repro- 
ducibility of the dissolution process. 


The methenamine dosage forms, identified previously in a 10-subject 
study (6), consisted of a compressed tablet with 500 mg of methenamine 
base (Product l), a suspension containing 50 mg of methenamine man- 
delate/ml (Product 2), a 500-mg methenamine hippurate tablet (Product 
lo), and six formulations of enteric-coated methenamine mandelate 
(Products 4-9). A 10th dosage form (Product 3), given as a solution in a 
previous study (6), was not included. 


The nitrofurantoin dosage forms, included in earlier i n  uiuo studies 
using 14 subjects (7), were six 50-mg tablets of microcrystalline drug 
(Products 1,2,8,9,11, and 14) and six 100-mg tablets of microcrystalline 
drug (Products 3-6, 12, and 13). A 50-mg macrocrystalline capsule 
(Product 10) and a 100-mg macrocrystalline capsule (Product 7) also were 
studied. 


The chlorothiazide tablets contained either 250 (Products 1,3, and 4) 


3 Artificial gastric lipid barrier, SM 15701, and artificial intestinal lipid barrier, 
SM 15702, Sartorius Filters, San Francisco, Calif. 
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Figure 5-Comparison of the total amount of methenamine withdrawn 
f r o m  the in vitro dissolution sys tem (X 0.55) (Products I ,  7, and 9) and 
the  cumula_t@e amcunt  of methenamine excreted in the in vivo studies 
(Products 1,7, and 9) for  three methenamine formulations. Each in vitro 
data  point  is t h e  mean of two determinations. Each in vivo data point  
is  t h e  mean of 10 subjects. 


or 500 (Products 2,5, and 6) mg of chlorothiazide and also were identified 
in an earlier study in which each dosage form was administered to a group 
of 12 subjects (8). 


USP Dissolution Tests-Dissolution testing, using the USP rotating 
basket, was described previously for in uiuo studies of the nitrofurantoin 
(7) and chlorothiazide (8) dosage forms. Studies using this dissolution 
apparatus were not conducted for the methenamine tablets. 


Analytical Methods-Samples of methenamine solutions obtained 
with both the dissolution and absorption simulators were assayed by a 
colorimetric procedure based on a method developed to determine urine 
concentrations (10). Samples were diluted, and 0.5-ml aliquots were 
acidified with 0.5 ml of 6 N HCl and heated in a 70° water bath in a closed 
tube for 2 hr to hydrolyze the methenamine to formaldehyde. The solu- 
tion was then cooled to 5O, and 1 ml of 0.1% tryptophan in 50% ethanol, 
0.2 ml of 1% ferric chloride, and 1 ml of 90% sulfuric acid were added. The 
solution was heated for an additional 70 rnin at  70'. 


After cooling to room temperature, the absorbance was determined 
at  575 nm and the methenamine concentration was calculated from a 
standard curve obtained by carrying aqueous solutions of known meth- 
enamine composition through the assay procedure. Preliminary studies 
indicated that the materials contained in the enteric coating of some of 
the products did not interfere in the assay at  the dilution levels employed 
for the in uitro samples. 


Nitrofurantoin samples obtained with either the absorption or disso- 
lution simulator were diluted as necessary with pH 6.5 or 7.5 phosphate 
buffer, and the absorbance was determined at  278 nm. Standard curves 
also were prepared with nitrofurantoin solutions of known composition 
at  pH 6.5 and 7.5. 


Chlorothiazide samples were assayed at  278 nm after dilution with pH 
6.5 or 7.5 phosphate buffer. Solutions of known chlorothiazide concen- 
tration also were assayed. 


Treatment of Dissolution Data-Three types of data treatment were 
employed to evaluate the relationship between in uitro dissolution and 
i n  uiuo urinary excretion data. 


Simulated Absorption Data-The cumulative amount of drug ex- 
creted in the urine and the cumulative amount of dissolved drug with- 
drawn from the dissolution chamber were plotted uersus time and were 
compared visually. 


General Correlations-In uivo measurements. such as the cumulative 
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Table I-Diffusion Characteristics and Sampling Rates Determined with the Absorption Simulator 


Calculated Time, Actual Time 
K d  x 103 cm/rnin-' (&D) 


Gastric Intestinal 
between Samples, minb between Samples, min 


Gastric Intestinal Gastric Intestinal - 


Drug Phasea Phasea Phase Phase Phase Phase 


Methenamine 0.28 (0.12) 0.64 (0.13) 29.5 5.5 15.0 5.5 
Nitrofurantoin 0.16 (0.01) 0.34 (0.00) 67.9 16.0 16.0 16.0 
Chlorothiazide 0.12 (0.00) 0.44 (0.04) 110.0 9.8 0.5 - 


* Diffusion rate constant, calculated according to Stricker (9). * Theoretical sampling rates for the dissolution simulator, calculated from the absorption simulator 
diffusion rate according to Stricker (9). 


percent of drug excreted at specific times and maximum urinary excretion 
rates, were correlated with in uitro data such as the cumulative percent 
of drug dissolved and the time for a specific percent of drug to dissolve 
in uitro. The latter values for T15%, 2'6096, and 2 ' 7 ~  were determined using 
the logarithmic-probability method of Sullivan et al. (11). 


Quadrant Analysis-This relatively new approach (12,13) utilizes in 
uiuo data from individual subjects rather than just mean data from a 
group of subjects. The performance of each dosage form in each subject 
is evaluated relative to a reference dosage form. An arbitrary guideline, 
e.g., 75%, is selected, and the percent of subjects exhibiting a relative 
bioavailability of at least 75% is determined and plotted versus the in 
uitro dissolution measurement of interest for each test dosage form. For 
example, if five out of 10 subjects exhibit a maximum urinary excretion 
rate for a test product that is at least 75% that of a reference product, 50% 
would be used for correlation with the in uitro measurement for that 
specific dosage form. The other formulations included in the in uiuo and 
in uitro evaluations would be treated similarly to develop a possible 
correlation. 


RESULTS AND DISCUSSION 


Absorption Simulator-The apparent first-order diffusion rate 
constants determined in simulated gastric and intestinal fluids using the 
absorption simulator are given in Table I. A direct comparison of the 
diffusion rates for a given drug in both gastric and intestinal fluid is not 
possible because the composition of the membranes was different for the 
two fluids. 


The diffusion rate constants, which according to Stricker (9) are related 


401 
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Figure 6-Comparison of the total amount of nitrofurantoin withdrawn 
from the in vitro dissolution system (X 1.6) and the Cumulative amount 
of nitrofurantoin excreted in the in vivo studies for four nitrofurantoin 
tablet formulations. Each in vitro data point (Products 1,5,12, and 14) 
i s  LhLmean of two determinations. Each in vivo data point (Products 
1 ,5 ,  12, and 14) is the mean of 14 subjects. 


to the in uiuo drug absorption rate, were used to compute the optimum 
sampling intervals for the in uitro dissolution studies. The resulting 
sampling times are given in Table I. Since the dissolution simulator is 
supposed to involve dissolution studies using gastric fluid for 30 min to 
simulate gastric residence time, the calculated sampling intervals for 
methenamine, nitrofurantoin, and chlorothiazide were not appropriate. 
Thus, arbitrary sampling times were chosen for the gastric fluid disso- 
lution studies of these drugs. In particular, the 0.5-min time used for 
chlorothiazide was based on a preliminary study that indicated that the 
gastric dissolution fluid was rapidly saturated with this drug within 5 min. 
Furthermore, because of the limited solubility of chlorothiazide, the 
dissolution study was terminated after 5 min. 


The results obtained with the absorption simulator indicated that it 
was of little value for these three drugs in the determination of appro- 
priate sampling intervals for the dissolution studies. While the absorption 
simulator may be useful in the study of diffusion characteristics of drugs 
through lipid membranes, such studies were beyond the scope of the 
present investigation. 


Dissolution Profiles-Figures 1-4 illustrate the dissolution rate 
profiles for the various drug products as determined in the dissolution 
simulator. The enteric-coated methenamine formulations (Products 4-9) 
shown in Fig. 1 exhibited a delay in the onset of dissolution until the 
dissolution fluid pH was increased from 1.1 to 6.5. These dissolution 
profiles were utilized to develop the correlations described later with the 
previously determined in uivo data. 


While the dissolution of only two units of each formulation was rou- 
tinely studied for each drug, six tablets of one 50-mg nitrofurantoin 
product were used in one instance to evaluate the reproducibility of the 
dissolution process. The mean amount of nitrofurantoin dissolved after 
16 min was 9.2 mg (range 8-11 mg); after 32 min, the mean was 21.3 mg 
(range 20-22 mg); and after 48 min, the mean was 34.7 mg (range 34-36 
mg). Generally, this good agreement among the six replicates also was 
seen between the duplicate determinations for each formulation of the 
three drugs. 


12- 


I,,,,,,,, 50 100 150 200 250 300 350 400 


TIME FOR 15% DISSOLUTION IN VITRO, rnin 


Figure 7-In vitro-in vivo correlation for eight methenamine formu- 
lations, r = -0.894 (p < 0.01). Each data point represents the mean of 
two in vitro and 10 in vivo values. 
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Figure 8-In vitro-in vivo correlation for fiue 50-mg nitrofurantoin 
tablet formulations, r = 0.976 (p < 0.01). Each data point represents 
the  mean o f  two in vitro and 14 in vivo ualues. 


Simulated Absorption Profiles-The dissolution simulator is re- 
ported by the manufacturer to be capable of providing data that can 
simulate in uiuo absorption profiles (2). To evaluate this claim, plots were 
constructed of cumulative urinary excretion of each drug and the cu- 
mulative amount of dissolved drug withdrawn from the dissolution 
chamber at the corresponding times. Since the dissolution studies for the 
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Figure 9-In vitro-in vivo correlations for three 250- (+) and three 
500- (HI mg chlorothiazide tablet formulations, r = 0.999 (p < 0.05) 
and r = 0.962 (p > 0.10), respectiuely. Each data point represents the 
mean of two in vitro and 12 in vivo ualues. 


chlorothiazide tablets were carried out only for 5 min, simulation of i n  
uiuo data was not possible for these dosage forms. 


Methenamine Tablets-All data were expressed as the percent of dose 
to normalize for differences in methenamine content among products. 
Product 1, a compressed tablet of methenamine, was selected as a ref- 
erence, and plots were made of the cumulative percent of dissolved drug 
withdrawn from the dissolution chamber and the mean cumulative 
percent of drug excreted in the urine of the 10 subjects receiving the drug 
in an earlier study (6). The in uitro curves paralleled the i n  uiuo data but 
were somewhat higher. An empirical correction factor of 0.55, applied 
to the i n  uitro data, resulted in good correspondence between the two data 
sets. 


The data shown in Fig. 5 illustrate the comparison between the in uitro 
data, corrected by a factor of 0.55, and the corresponding in uiuo urinary 
excretion data for Product 9, with an intermediate dissolution rate, and 
Product 7, with a relatively slow dissolution rate. A similar good corre- 
spondence also was obtained for Products 4-6 and 10. The relationship 
between in uitro and i n  uivo data was not nearly as good for Products 2 
and 8, with the in uitro data predicting greater urinary excretion than 
was actually seen. 


Nitrofurantoin Dosage Forms-Figure 6 illustrates good correspon- 
dence between the i n  uivo and i n  uitro data for Products 1,5,12, and 14. 
Each i n  uitro data point was adjusted by a factor of 1.6, based on the 
observed parallelism for the i n  uiuo and in uitro data for Product 9, which 
was taken as the reference product. Similar good correspondence was 
observed for Products 2 and 8, but there was a significant difference be- 
tween the in uiuo and in uitro data sets for Products 3,4,6,  l l ,  and 13. 
As will be discussed, Products 7 and 10, the macrocrystalline capsules, 
exhibited dissolution characteristics that were quite different from the 
microcrystalline tablets. Therefore, these two dosage forms were not 
included with the microcrystalline formulations in this data treat- 
ment. 


General Correlations-These correlations attempted to relate var- 
ious i n  uitro and in uiuo measurements. Only the best correlations will 
be discussed, although other correlations were examined. 


Methenamine Tablets-The best correlation, r = 0.928 ( p  < 0.01), was 
seen between the area under the dissolution-time curve at 4.5 hr uersus 
the cumulative percent excreted at 6 hr. When using 7'15% as the in uitro 
measurement, good correlations were observed with the cumulative 
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Figure 10-Quadrant analysis for eight methenamine formulations, 
r = -0.93 (p < 0.01). Each data point represents the mean u j  two in vitro 
and 10 in vivo ualues. Product 9 was the  reference product. 
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Figure 11-Quadrant analysis for  six 50-mg nitrofurantoin tablet 
formulations, r = 0.943 (p < 0.01). Each data point represents the mean 
o f  two in vitro and 14 in vivo ualues. Product 9 was the  reference 
product. 


percent excreted at 48 hr, r = -0.875 ( p  < 0.01), and the maximum ex- 
cretion rate, r = -0.894 (p < 0.01) (Fig. 7). Since Products 4,5, and 7 were 
<30% dissolved after 5 hr, correlations with T% values beyond 15% could 
not be used. Product 5 is not illustrated because <I% of the drug had 
dissolved after 5 hr, and the tablet retained its original shape during the 
dissolution period. 


Nitrofurantoin-Attempts to obtain in uiuo-in uitro correlations that 
included Products 7 and 10 were not successful. Both dosage forms ex- 
hibited relatively good dissolution properties (Figs. 3 and 4). However, 
these two products ranked below eight of the other products in earlier 
bioavailability studies involving determination of cumulative urinary 
excretion. Thus, these two products, which represented capsule formu- 
lations of the macrocrystalline drug, were omitted from the correla- 
tions. 


The percent of drug excreted in 12 hr and the maximum urinary ex- 
cretion rate were correlated with the percent of drug dissolved at various 
times. Generally, the correlations with the 100-mg tablets were less sat- 
isfactory than with the 50-mg tablets. The correlation coefficient for the 
100-mg tablets, using a variety of measurements, was <0.8 ( p  < 0.10), 
while correlation coefficients exceeded 0.93 ( p  < 0.01) for the 50-mg 
tablets. The best correlation for the 50-mg tablets is shown in Fig. 8, r = 
0.976 ( p  < 0.01), using the maximum excretion rate and the percent of 
drug dissolved in 1 hr. Cumulative percent excreted in 12 hr also corre- 
lated well with the 1-hr dissolution value, r = 0.960 (p < 0.01). The poorer 
correlation with the 100-mg tablets may be due to the fact that the 
maximum excretion rates for the six tablets were much closer than for 
the 50-mg tablets. Previous investigators (14) noted a similar poorer 
correlation for 100-mg nitrofurantoin tablets, using the same lots as 
employed in the present study, but obtained i n  vitro data with a disso- 
lution-dialysis system. 


A s  part of the earlier i n  vivo studies (7), the individual tablets also were 
subjected to dissolution testing as described in USP XVIII. The present 
dissolution simulator data correlated much better than the earlier USP 
data for the 50-mg tablets, r = 0.673 ( p  > 0.101, although the degree of 
correlation was approximately the same for the 100-mg tablets using ei- 
ther the dissolution simulator, r = 0.704 ( p  < 0.10) or the USP rotating 
basket, r = 0.793 ( p  < 0.10). 


Chlorothiazide Tablets-The data obtained for these dosage forms 
demonstrated one major limitation in the design of the dissolution sim- 
ulator, namely that the total volume of dissolution fluid was limited to 
100 ml. As shown in Fig. 4, this fluid was rapidly saturated with dissolving 
drug; as a result, dissolution was not continued beyond 5 min. The best 
correlations for both the 250- and 500-mg tablets were seen between the 
cumulative percent of drug dissolved in 1 min and the maximum excre- 
tion rate (Fig. 9). The data for the 250- and 500-mg tablets were not 
combined into a single correlation because the i n  uiuo data did not exhibit 
a dose proportionality in urinary excretion, with a lower percent recovery 
for the 500-mg tablets (8). 


The correlation was significant for the 250-mg tablets, r = 0.999 (p < 
0.05), but not for the 500-mg tablets, r = 0.962 ( p  < 0.10). Good correla- 
tions, r > 0.9, existed between the maximum excretion rate or the cu- 
mulative percent excreted at  24 hr and 2'15% or the percent dissolved at  
2.5 min for the 250-mg tablets. However, these correlations were based 
on only three data points; the general applicability of the relationships 
need to be established for a larger group of dosage forms. 


A good correlation, r = 0.999 ( p  < 0.05), also was obtained for the 
250-mg tablets between the maximum excretion rate and the time for 30% 
dissolution using the USP rotating basket. However, for the 500-mg 
tablets, the correlation was much poorer for these same parameters, r = 
0.773 ( p  > 0.10). Thus, on the basis of cost and convenience, the USP 
method is preferred over the dissolution simulator for the 250-mg tablets 
since both procedures result in comparable i n  uitro-in uiuo correlations. 
However, the correlations for the 500-mg tablets were somewhat better 
for the dissolution simulator compared to the USP method. 


Quadrant Analysis-This approach evaluates i n  uiuo data using each 
subject as his or her own control, relating the bioavailability of a dosage 
form in a given subject to the performance of a reference dosage form in 
the same subject. For illustration, an arbitrary specification was selected 
such that 50% of the subjects participating in an i n  uiuo study should 
exhibit a relative bioavailability of at least 75% for a test dosage form to 
be considered acceptable. The in uiuo data were plotted uersus an in uitro 
measurement for the individual dosage forms, and an i n  uitro dissolution 
specification was selected. While the i n  uitro specifications described for 
the three drugs under consideration are admittedly somewhat arbitrary, 
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Figure 12-Quadrant analysis for  six 100-mg nitrofurantoin tablet 
formulations, r = 0.557 (p > 0.1). Each data point  represents the mean 
of two in vitro and 14 in vivo values. Product 9 was t h e  reference 
product. 
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Figure 13-Quadrant analysis for three 250- (+) and three 500- (a) 
mg chlorothiazide tablet formulations, r = 0.995 (p < 0.1) and r = 0.967 
f p  > 0.11, respectiuely. Each data point represents the mean of two in 
vitro and I2 in vivo ualues. 


they serve to illustrate an alternative approach to setting such specifi- 
cations. 


Methenamine-Figure 10 illustrates the results of the quadrant 
analysis approach for methenamine. The selection of 200 min as the 
maximum permissible time to achieve 15% dissolution was based on the 
in uiuo data, which indicated that Products 5 and 7 were unacceptable. 
Note that Product 5 does not appear in this figure since it did not achieve 
15% dissolution within 6 hr. With the exception of Products 5 and 7, all 
other dosage forms were confined to Quadrant I and thus exhibited ac- 
ceptable bioavailahility and dissolution properties. 


Nitrofurantoin-Figures 11 and 12 show the quadrant analysis for the 
50- and 100-mg dosage forms, respectively. With the exception of Prod- 
ucts 11 and 14, all other dosage forms represented in Fig. 11 were in 
Quadrant I11 and thus met both the in uiuo and in uitro specifications. 
Using the same specifications for the 100-mg tablets illustrated in Fig. 
12 did not yield a satisfactory result. Only Product 5 was in Quadrant 111; 
Products 3,6, and 13 failed the in uitro specification, although each ex- 
hibited adequate bioavailability. Furthermore, Product 12 nearly passed 
the dissolution requirement, although only 30% of the subjects exhibited 
a maximum urinary excretion rate that was at  least 75% that of the ref- 
erence product. 


Chlorothiazide-A dissolution specification of 10% dissolution within 
1 min was selected for the 250- and 500-mg tablets shown in Fig. 13. With 
this criterion, Product 4 exhibited an adequate excretion rate for the 
250-mg tablets but failed the dissolution specification. For the 500-mg 
tablets, Product 6 failed both the in uitro and in uiuo specifications. 
Because of the small number of dosage forms and the brief duration of 
the dissolution test, these data may be of limited value in establishing 
the utility of this approach as a predictor of the bioavailability of chlo- 
rothiazide dosage forms. 


Study Limitations-All dissolution studies were carried out on pro- 
duction lots used in previous in uiuo hioavailability studies. Thus, some 
formulations had been stored at room temperature for up to 4 years, and 
in some instances the expiration date indicated on the package had been 
exceeded. Furthermore, only a few tablets or capsules remained for many 
of the products, and it was not possible to reassay them for content and 
content uniformity. As a result, drug content and/or dissolution char- 
acteristics of these dosage forms may have changed since the earlier 
studies. 


Evidence suggesting that significant changes in the characteristics of 
the dosage forms had not occurred may be obtained by comparing the 
extent of dissolution observed in the present studies with that obtained 
previously. The maximum amount of methenamine recovered during the 
dissolution studies with the dissolution simulator corresponded with the 
labeled quantity of drug in the product for those dosage forms that totally 
dissolved. With nitrofurantoin, a range of 7-80% of the labeled amount 
of drug was dissolved after 80 min in the dissolution simulator. In the 
earlier study (7), between 10 and 70% of the drug was dissolved after 90 
min using the USP procedure. Furthermore, the two products with the 
slowest dissolution rate in the dissolution simulator were the same two 
products that dissolved the slowest in the previous study (7). Similarly, 
the extent of dissolution of the chlorothiazide tablets in the dissolution 
simulator was quite similar to the results obtained earlier (8) using the 
USP apparatus. 


CONCLUSIONS 


The absorption simulator was evaluated as a tool to determine opti- 
mum sampling times for dissolution studies using the dissolution simu- 
lator. It was determined that the sampling times computed from the 
absorption simulator were not essential for the subsequent dissolution 
studies. 


Reasonably good correlations generally were observed between the in 
uitro data obtained with the dissolution simulator and the in uiuo data 
obtained in earlier human studies. However, the general applicability 
of the device to a wide variety of drugs is limited because only two dosage 
units can be tested simultaneously. Moreover, the 100-ml capacity of the 
dissolution system is insufficient for drugs with very low water solubility. 
The dissolution properties of the methenamine, chlorothiazide, and 
50-mg nitrofurantoin tablets could all be satisfactorily correlated with 
one or more in uiuo parameters. The correlations for the 100-mg nitro- 
furantoin tablets and the macrocrystalline nitrofurantoin capsule dosage 
forms were less satisfactory. 


Attempts also were made to predict urinary excretion profiles using 
the in uitro data. After application of an adjustment factor, good pre- 
dictions were seen for the majority of the methenamine dosage forms and 
seven of the 14 nitrofurantoin formulations. The method was not appli- 
cable for the chlorothiazide tablets. 


Finally, in uiuo-in uitro correlations were examined using a quadrant 
analysis approach. The method was shown to be of value in setting in uitro 
specifications that have at least some relevance to the in uiuo performance 
of the dosage form. 
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Abstract  A stability-indicating high-performance liquid chromato- 
graphic method was developed that can detect and quantitate low levels 
of the two most likely breakdown products of cuprimyxin. These degra- 
dation compounds, free myxin and its reduction product, can be deter- 
mined in topical cream preparations in which cuprimyxin is formulated 
a t  the 0.5% (w/w) level. The method requires a simple two-step extraction, 
the addition of an internal standard, and chromatography on an amine- 
bonded column. 


Keyphrases 0 Myxin-high-performance liquid chromatographic assay 
in cuprimyxin-containing creams Cuprimyxin-high-performance 
liquid chromatographic determination of free myxin and its reduction 
product u High-performance liquid chromatography-determination 
of free myxin and its reduction product in cuprimyxin-containing creams 
0 Antibacterial agents-high-performance liquid chromatographic de- 
termination of myxin and its reduction product in cuprimyxin-containing 
creams 


Myxin (6-methoxy-l-phenazinol5,10-dioxide) (I) was 
first isolated from the soil (1) and identified as a phena- 
zine-type product from the broth of a myxobacter (2). Its 
correct structure was established by Weigele and 
Leimgruber (3), and it was realized in its most effective 
antimicrobial form as the cupric complex (11) (4, 5). 
When applied topically, I1 was found to have considerable 
antibacterial, antiyeast, and antifungal activity in veteri- 
nary applications without the irritation side effects expe- 
rienced with I (6). It was formulated in a cream and tested 
in vitro against Gram-positive and Gram-negative bac- 
terial and fungal pathogens (7) and yeast infections (S), in 
uivo as a cream for otic and ophthalmic infections (91, and 
as a suspension with hydrocortisone acetate for the 
treatment of otitis (10). The apparent biological mecha- 
nism of action involves alteration of the invading bacterial 
DNA template (11). 


BACKGROUND 


A polarographic investigation found the electrochemical behavior of I 
to be a function of pH, reducing to 6-methoxy-1-phenazinol at pH < 3, 
to the anionic species 6-methoxyphenazinol a t  pH > 9, and to the inter- 
mediate 6-methoxy-1-phenazinol 10-oxide (111) a t  pH 3-9 (12). Com- 
pound 111 can be further reduced by intramolecular hydrogen bonding 
to 6-methoxy-1-phenazinol. The major degradation product of I in acid 
media and in pH 3-9 buffer solutions was found to be 111'. Although the 


B. Z. Senkowski and J. E. Heveran, Hoffmann-La Roche Inc., Nutley, NJ  
07110, 1971, unpublished data. 
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copper complex of I1 is readily dissociated in acid media to form I 
(Scheme I), pharmaceutical creams containing excess copper ions mini- 
mize dissociation when formulated a t  pH 5.7-6.2 (13). 


The rapid conversion of I1 to I was used to assay for I1 by measurement 
of the amount of I found spectrophotometrically2 and by TLC (14). Mi- 
crobiological assay methods for determining I1 directly from seeded agar 
plates also were reported3. 


The determination of I and I11 as probable impurities in formulations 
involving I1 is difficult for two reasons: (a)  the relative ease of conversion 
of I1 to its free form (I), and ( b )  the inability to differentiate I and 111 
spectrophotometrically. A separation technique that minimizes disso- 
ciation of the copper complex is essential. This paper describes the de- 
velopment of a high-performance liquid chromatographic (HPLC) 
method that meets these requirements. 


EXPERIMENTAL 


Apparatus-A constant-flow solvent delivery system4 was connected 
to  a loop injector5. An amine-bonded silica column6 was coupled to a 
spectrophotometric detector7 set a t  280 nrn. A 10-mv recorders was set 
a t  a chart speed of 50 cm/hr. 


Reagents and  Chemicals-Distilled-in-glass grade ethyl acetateg 
and heptaneg and reagent grade acetic acidlo were used. Samples and 


* M. Araujo, W. J. Mergens, and M. Osadca, Hoffmann-La Hoche Inc., Nutley, 


J. A.Bontempo and J. Unowsky, Hoffmann-La Roche Inc., Nutley, NJ 07110, 


* Model 6000A, Waters Associates, Milford, Mass. 
Model U6K, Waters Associates, Milford, Mass. 
Chromegahond NH2 (10 pm), 30 cm X 4.6 mm i.d., ES Industries, Marlton, 


Spectro Monitor 11, LDC, Riviera Beach, Fla. 
Model 20, Varian Aerograph, Palo Alto, Calif. 
Burdick & Jackson Laboratories, Muskegon, Mich. 


NJ  07110 1972, unpublished data. 


1969, unpublished data. 


N.J. 


lo J. T. Baker Chemical Co., Phillipshurg, N.J. 


1024 I Journal of Pharmaceutical Sciences 
Vol. 70, No. 9, September 1981 


0022-35491 8 11 0900- 1024$0 1.001 0 
@ 198 1, American Pharmaceutical Association 








(10) F. Rubio, S. Seawall, R. Pocelinko, B. DeBarbieri, W. Benz, L. 
Berger, L. Morgan, J. Pao, T. H. Williams, and B. Koechlin, J.  Pharm. 
Sci., 69,1245 (1980). 


ACKNOWLEDGMENTS 
The authors thank Dr. Lester Weissman, Department of Clinical 


Pharmacology, and Dr. James D. Moore, University of Montana Foun- 
dation, for the blood samples. They also thank Dr. M. A. Schwartz for 
constructive suggestions and Mrs. Kathleen Heusser and Mrs. Carole 
Eggert for assistance in preparation of this manuscript. 


(11) G. J. VanGiessen and D. G. Kaiser, ibid., 64,798 (1975). 
(12) J. E. Ray, D. N. Wade, and G. G.  Graham, Clin. Exp. Pharmacol. 


Phys.,6,175 (1979). 


Hydration and Percutaneous Absorption 11: Influence of 
Hydration on Water and Alkanol Permeation through 
Swiss Mouse Skin; Comparison with Hairless Mouse 


CHARANJIT R. BEHL*" and MICHAEL BARRETT 
Received January 5,1981, from the College of Pharmacy, University of Michigan, Ann Arbor, MI 48109. 
16,1981. 


Accepted for publication March 
*Present address: Pharmaceutical Research, Roche Laboratories, Hoffmann-La Roche Inc., Nutley, NJ 07110. 


Abstract In uitro permeation studies with biological membranes often 
involve long, aqueous maceration of the tissue. The present investigation 
examined the possible effects of hydration on barrier integrity of Swiss 
mouse skin, using water, methanol, ethanol, and butanol as permeants 
and a previously developed procedure involving multiple, sequential 
permeation runs on each piece of skin. The permeation rate of water in- 
creased almost linearly up to 30 hr of hydration and then tended to level 
off. Transport rates of methanol and ethanol increased asymptotically 
and then plateaued at  -15 hr. These results contrast with earlier findings 
on hairless mouse skin where the permeabilities of these three compounds 
.were unaffected by aqueous immersion. The permeation rate of butanol 
also increased during the first 15 hr of hydration but gradually declined 
over the next 25 hr. This result again contrasts with the hairless mouse 
species in which butanol permeability doubled in 10 hr and then pla- 
teaued. The species differences in the hydration profiles appear related 
to the vastly dissimilar pellages and, in the Swiss mouse, may indicate 
greater involvement of the transfollicular pathway. 


Keyphrases Hydration-effect on water and alkanol permeation 
through Swiss mouse skin, comparison with hairless mouse Absorption, 
percutaneous-effect of hydration on water and alkanol permeation 
through Swiss mouse skin, comparison with hairless mouse 0 Perme- 
ability-effect of hydration on water and alkanol absorption through 
Swiss mouse skin, comparison with hairless mouse 


A previous study (1) on the influence of long aqueous 
immersion (hydration) on the permeability properties of 
hairless mouse skin used a method involving sequenced, 
in uitro diffusional experiments on each skin membrane. 
Hydration-related alterations of the permeation behaviors 
of a series of compounds were systematically investigated, 
and the observed effects were related to the physico- 
chemical properties of the permeants and mass transport 
mechanism. The permeabilities of water, methanol, and 
ethanol were not affected by immersion of the skin in 
normal saline. The permeabilities of butanol and hexanol 
doubled and reached asymptotes in 10 hr of hydration. The 
permeation rate of heptanol only increased by -509'0, while 
octanol showed an initial 50% increase followed by a 25% 
decline to assume an invariant rate with a net 25% hydra- 
tion-induced alteration. 


In view of the experimental and possible mechanistic 
significance of the hydration-induced permeability al- 
terations, the present study compared the influence of 
hydration on the skin permeability of the Swiss mouse, to 
that of the hairless mouse. The results obtained proved the 


L!€ee 0 0 2 4 6  
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SECONDS x 10-3  
Figure 1-Series of receiver concentration versus time profiles for eight 
sequential permeation runs on a single skin. This figure is one set of data 
from the methanol (r)-butanol(O) series detailed in the text. Key: Run 
1, t o  = 0 hr; Run 2, t o  = 5 hr; Run 3, t o  = 10 hr; Run 4,  t o  = 15 hr; Run 5, 
to  = 20 hr; Run 6, to  = 25 hr; Run 7, t o  = 30 hr; and Run 8, to = 43 hr. 


skins of the two species to be exceedingly different in their 
chemical barrier properties, both in terms of absolute rates 
of permeation of the low molecular weight alcohols and in 
their hydration sensitivities. 


EXPERIMENTAL 


Chemi~als-[~H]Waterl, ["H]methanoll, [14C]ethano12, and [14C]- 
butano12 were used as received. The radiochemicals were diluted into 0.9% 


New England Nuclear, Boston, MA 02218. * International Chemical and Nuclear Corp., Irvine, CA 92715. 
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Table I-Summary of Hydration Effect Data  for Water Table 111-Summary of Hydration Effect Data  for  Ethanol 


Averaee 
Hours of P x 103, c m k r  P x 1 i 3  
Hydra- Mouse 1 Mouse 2 Mouse 3 Mouse 4 Mouse 5 f SD, 


tion (33.0 g) (38.0 g) (33.0 g) (36.5 g) (35.5 g) cmfhr 


Average 
Hours of P x lo3, c m k r  P x 103 
Hydra- Mouse 1 Mouse 2 Mouse 3 Mouse 4 Mouse 5 f SD, 


tion (33.0 g) (38.0 g) (33.0 g) (36.5 g) (35.5 g) cm/hr 


0 5.1 2.2 5.6 1.9 5.3 4.0 f 1.8 
5 6.1 2.8 6.2 6.3 4.0 5.1 f 1.6 


10 6.3 3.6 6.6 7.4 5.9 6.0 f 1.4 
15 7.1 4.5 7.4 8.3 9.5 7 . 4 f  1.9 
20 8.1 5.1 8.9 10.6 11.9 8.9 f 2.6 
25 8.6 5.7 9.3 10.6 13.7 9.6 f 2.9 
30 8.9 8.6 10.5 11.7 14.9 10.9 f 2.6 
48 9.7 8.2 11.6 11.4 17.7 11.7 f 3.6 


Table 11-Summary of Hydration Effect Data for  Methanol 


Average 
Hours of P x 103, c m k r  P x 163 
Hydra- Mouse 1 Mouse2 Mouse3 Mouse4 Mouse5 f SD, 


tion (34.5 g) (36.0 g) (38.0 g) (34.0 g) (33.0 g) c m k r  


0 2.6 5.7 9.8 6.3 2.7 5.4 f 3.0 
5 4.2 7.1 10.0 8.5 2.7 6.5 f 3.0 


10 5.6 7.7 10.8 9.8 3.2 7.4 f 3.1 
15 7.3 9.6 12.2 12.1 3.9 9.0 f 3.5 
20 7.9 9.8 12.4 12.7 4.1 9.4 f 3.5 
25 7.6 10.7 13.2 13.3 4.2 9.8 f 3.9 
30 7.6 11.0 11.9 12.9 4.1 9.5 f 3.6 
43 7.2 11.0 13.4 13.0 4.2 9.8% 4.0 


sodium chloride irrigation solution3 (saline) for permeation experiments. 
The final chemical concentration in the diffusional medium was 
M. 


Animals-Male Swiss mice4, albino out bred of Skh:Icr strains, had 
free access to food and water, and bedding was changed at  least once a 
week. 


Hair  Removal-All skins used in the diffusion experiments were 
denuded of hair. Usual depilation methods, i.e., shaving and chemical 
depilation, were avoided because they might seriously alter the barrier 
properties (2,3). Hair from the abdominal surface of the freshly sacrificed 
mouse was removed by the nondestructive and nonirritating procedure 
of close cropping with a pair of surgical scissors. 


Permeation Procedure-Two-compartment glass diffusion cells (1) 
were employed to determine skin permeability. All membranes sand- 
wiched between the half-cells were full-thickness skin sections excised 
from the abdominal surfaces of Swiss mice, freshly sacrificed by spinal 
cord dislocation. Mouse age was tightly confined (-180 days) to avoid 
age-related effects (4). The external medium of the diffusion cell was 
saline, and the half-cell contents were stirred a t  150 rpm. All experiments 
were carried out at  37". The concentration in the receiver chamber 
(dermis side) was monitored with time for -2 hr. 


Complete hydration profiles were obtained on each skin by carrying 
out eight sequential experiments, with rinsing between runs (1). The 
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Figure 2-Plot of hydration effects versus hydration t ime  for water. 


3 Abbott Laboratories, North Chicago, IL 60064. 
Skin Cancer Hospital, Temple University, Philadelphia, PA 19104. 


3.7 1.7 4.3 3.5 2.7 3.2 f 1.0 
5 4.4 2.7 4.7 - 4.8 4.2 f 1.0 
0 


10 4.8 3.2 4.8 4.6 5.9 4.7 f 1.0 
15 5.2 3.3 5.3 5.4 8.1 5.5 f 1.7 


5.9 4.0 10.1 5.8 f 2.6 20 5.3 3.5 
25 5.0 4.3 5.2 4.3 11.0 6.0f 2.8 
30 5.6 4.2 5.5 4.9 11.4 6.3 f 2.9 
48 4.7 3.6 5.7 4.8 10.9 5.9 f 2.9 


Table TV-Summary of Hydration Effect Data for  Butanol 


Average 
Hours of P x 103, c m k r  P xi03 
Hvdra- Mouse 1 Mouse 2 Mouse 3 Mouse 4 Mouse 5 f SD, 


tion (33.0 g) (38.0 g) (33.0 g) (36.5 g) (35.5 g) cm/hr 


0 8.3 6.1 8.7 9.0 5.7 7.6 f 1.5 
5 14.4 10.4 12.8 15.5 8.2 12.3 f 3.0 


10 15.7 11.6 14.6 16.8 8.7 13.5 f 3.3 
15 18.8 14.7 16.6 20.6 10.9 16.3 f 3.8 
20 20.3 13.5 14.8 19.7 9.7 15.6 f 4.4 
25 19.1 14.0 13.7 19.6 10.1 15.3 f 4.0 
30 18.6 14.6 11.8 19.5 9.5 14.8 f 4.3 
43 16.3 11.9 13.4 18.3 8.9 13.8 f 3.7 


permeant concentration was determined radioisotopically using a liquid 
scintillation counter5 with Aquasol' as the cocktail. A technique of dual 
labels was employed to study the permeation of 3H- and 14C-labeled 
penetrants simultaneously (4). 


Data  Analysis-The data were plotted as the receiver compartment 
concentration as a function of time. Each permeability coefficient was 
calculated from (1): 


V ( d C / d t )  p=--  
A AC (Eq. 1) 


where 


P = permeability coefficient (centimeters per hour) 
A = diffusional area (-0.6 cm2) 


AC = concentration difference across the membrane, which was 
taken to be equal to the donor concentration (counts per 
minute per cm3) 


V = receiver half-cell volume (1.4 ml) 
d C / d t  = steady-state slope (counts per minute per cubic centimeter 


per hour) 


RESULTS AND DISCUSSION 


Figure 1 contains eight subplots obtained in sequential permeation 
experiments carried out on one piece of skin over 43 hr with [3H]methanol 
and [14C]butanol as the dual permeants. Under the experimental con- 
ditions, the linear relationship between the receiver concentration and 
time (which develops in each run) is representative of a quasi steady-state 
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Figure 3-Plot of hydration effects versus hydrat ion t ime for meth-  
anol. 


5 Model LS 9000, Beckman Instruments, Fullerton, Calif. 
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Table V-Summary of Hydration Effects 


Hours of Percent Hydration Effect“ 
Hydration Water Methanol Ethanol Butanol 


120 2 
a 


r u  


I- 


8 0 -  
>UI 


Z w  4 0 -  
UI 
0 
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W 


0 0.0 0.0 0.0 0.0 


p-.. - 
,,* -----...- _ _ _ _ _ _  -.-_ ---3 A’’ 


/ 


I I I I 


5 
10 
15 
20 
25 


27.5 20.4 31.3 61.8 
46.9 77.6 


122.5 74.1 
140.0 81.5 87.5 101.3 


30 172.5 75.9 96.9 94.7 
43 * or 48e 192.5 81.5 84.4 81.6 


Equation 2. * Methanol and butanol. Water and ethanol. 
transport process. Slopes of these linear segments were used to compute 
the permeability coefficients (Eq. 1). 


Five mice were used for each of the four penetrants, and eight se- 
quential experiments were run on each skin, yielding a total of 160 dif- 
fusion experiments. Permeability coefficients computed from 20 figures 
analogous to Fig. 1 are reported in Tables I-IV for water, methanol, 
ethanol, and butanol, respectively. Rather large animal-to-animal vari- 
ations in the permeability coefficients were found for all four permeants. 
Similar variability was observed in earlier studies with the hairless mouse 
skin (1,4). However, within a given piece of skin, permeabilities changed 
systematically and stereotypically for a given compound. The “percent 
hydration effect” was calculated from: 


percent hydration effect = 


x 100 P (at a given hydration time) - P (at zero hydration) 
P (at zero hydration) 


(Eq. 2) 


These derived numbers are given in Table V. To illustrate the hydration 
influences, the results (percentage changes) were plotted as a function 
of hydration time (Figs. 2-5). 


Of all the permeants studied in the Swiss mouse skin, water experi- 
enced the largest increase in permeability during the aqueous immersion. 
Figure 2 shows that the percentage increase in permeability rose almost 
linearly up to 30 hr of immersion but then showed signs of leveling off. 
The hydration sensitivity for water was markedly different than that 
reported for the hairless species (1) where water penetration rates were 
not significantly altered by the soaking treatment. Methanol’s perme- 
ability also increased with time of immersion but only up to -20 hr. Be- 
yond this point, the net hydration increase remained essentially invariant 
a t  78.3 f 3.8% (average of data a t  20, 25, 30, and 48 hr of hydration). 
Ethanol exhibited similar behavior, with an asymptote value of 87.5 f 
6.7% (average of data a t  20, 25, 30, and 48 hr of hydration). The close 
parallelism in the hydration profiles of methanol and ethanol may imply 
that both solutes penetrate the Swiss mouse skin uia a common route. 
The results represent a great departure from hairless mouse data (l), 
which indicate no hydration-induced alterations for either methanol or 
ethanol. 


Butanol’s permeability through Swiss mouse skin also rose during the 
first 15 hr of aqueous immersion. Data gathered beyond this time are 
difficult to interpret since butanol’s permeability appears to decline 
between 15 and 43 hr in an almost linear manner. The absolute perme- 
ability coefficients at 15 and 43 hr are not statistically separable. However, 
the lack of a statistically supported difference may be the result of in- 
teranimal variability since all five Swiss mouse skins showed an ap- 
proximate 20% decline in butanol’s permeability coefficient over 15-43 
hr. Moreovei, the butanol data were obtained using the dual-label pro- 
cedure with methanol as the copermeant, and the permeability coefficient 


HOURS OF HYDRATION 


Figure 5-Plot of hydration effects versus hydration time for bu- 
tanol. 


for methanol was invariant past -20 hr. It was tentatively concluded that 
when hydrating conditions are sustained past 15 hr, there is a small but . 
real depreciation of the permeability coefficient of butanol. For hairless 
mouse skin, butanol’s permeability coefficient doubled over the initial 
10-hr immersion and then remained constant (1). Thus, with the lower 
alkanols and water, the skin of the Swiss species behaved qualitatively 
differently from that of hairless species. 


Possible Explanation of Observed Hydration Profiles- Water, 
Methanol, and Ethanol-It was pointed out (4) that the polar solutes 
(water, methanol, and ethanol) do not appear to permeate the skin of the 
hairless mouse by the main lipoidal pathway, presumably located within 
the stratum corneum, but use an alternative parallel diffusional route 
of either transfollicular or transepidermal origin. In the mature hairless 
mouse, most follicles are cystic, the atrophied remains of an early coat 
of hair, and are not visually prominent. However, the Swiss mouse is 
abundantly covered with actively cycling hair follicles containing 
prominent hairs. Given this difference between the two species, it might 
be expected for a follicularly placed polar pathway that hydrophilic 
permeants would have greatly enhanced permeabilities through Swiss 
mouse skin. The permeability coefficients for water, methanol, and 
ethanol were indeed several times larger in the Swiss species than in the 
hairless species, particularly when compared in the fully hydrated 
states. 


The qualitative differences in hydration sensitivities between the two 
types of mice are of even greater significance. Water gradually plasticized 
some critical phase of the Swiss mouse skin and opened it to more facile 
diffusion of the small polar solutes. In contrast, the permeabilities of 
water, methanol, and ethanol through hairless mouse skin were unaf- 
fected by long immersion. Quantitative considerations aside, there is 
obviously some fundamental difference in tissue structure and the barrier 
mechanism. These changes may be due to an enhanced follicular mech- 
anism in the Swiss mouse. In this case, gradual hydration and softening 
of the sebaceous medium would explain the overall effects. However, the 
skin is integrated tissue and increased follicular density and hair prom- 
inency have been associated with a less well-formed horny layer. Thus, 
the critical changes possibly are associated with different degrees and 
qualities of cornification. 


Butanol-Permeation of butanol was reported (1,4) to occur 
transepidermally by partitioning into the lipoid components of the 
stratum corneum of hairless mouse skin. This process is believed to occur 
in the Swiss species as well. Therefore, the hydration-related permeability 
changes in the Swiss species could be due to  some modification of the 
lipoidal pathway in the stratum corneum. However, the exact mechanism 
for either species is unknown. 


Significance of Present Studies-The influence of hydration needs 
to be considered in the design of skin permeation studies, and the exact 
state of hydration should be reported. This study suggests a possible 
means of factoring transepidermal and the transfollicular pathways. 
Given the possible association of the hair follicles and hydration-induced 
alterations in skin permeability, clinically different results of the occlusive 
dressing might be expected between hairy and nonhairy human sur- 
faces. 
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Abstract A reversed-phase, high-performance liquid chromatographic 
(HPLC) procedure, which is specific and quantitative for lidocaine hy- 
drochloride, epinephrine, and methylparaben, was developed for the 
analysis of lidocaine hydrochloride and lidocaine hydrochloride with 
epinephrine solutions for injection. Epinephrine sulfonic acid and 
adrenochrome are separated in this system. Also separated are lidocaine 
and methylparaben and their respective degradation products, 2,6-xyl- 
idine and p-hydroxybenzoic acid. The analysis‘requires that three de- 
tectors (two UV and one electrochemical) he connected in series. By using 
this arrangement, lidocaine hydrochloride and methylparaben are 
quantitated by UV at 254 and 280 nm, respectively, while epinephrine 
is quantitated electrochemically. The method is simple, accurate, precise, 
and rapid. No sample preparation or internal standard is necessary, and 
only a 2-pl sample volume is required for analysis. Chromatographic 
conditions include a pBondapak CN column and a mobile phase of 0.01 
M 1-octanesulfonic acid sodium salt, 0.1 mM edetate disodium, 2% acetic 
acid, 2% acetonitrile, and 1% methanol in water. 


Keyphrases 0 High-performance liquid chromatography-specific and 
quantitative stability-indicating procedure for lidocaine hydrochloride, 
epinephrine, and methylparaben Lidocaine hydrochloride-injectable 
solutions of epinephrine using stability-indicating high-performance 
liquid chromatography Epinephrine-high-performance liquid 
chromatographic procedure for assaying components of injectable so- 
lutions 0 Methylparaben-high-performance liquid chromatography 
for assaying components of injectable solutions 


A literature review indicated that the various colori- 
metric and fluorometric methods utilized for the analysis 
of epinephrine in local anesthetic solutions all have prob- 
lems associated with them (1,2). The colorimetric methods 
generally are not stability indicating. Epinephrine sulfonic 
acid and bisulfite interfere with the development of the 
color, resulting in a lack of specificity for intact epineph- 
rine. 


A fluorometric procedure, based on the trihydroxyindole 
reaction first observed by Loew (3) and later modified (4, 
51, is specific for epinephrine but is subject to many vari- 
ables such as time, temperature, pH, presence of bisulfite, 
and the composition of the final alkaline/ascorbate re- 
agent. The current USP (6) method for assaying epi- 
nephrine in lidocaine hydrochloride injectable solutions 
is a fluorometric procedure; although the method is specific 
for epinephrine, its application requires a great deal of 
experience and technique. The fluorometric procedure for 


the analysis of epinephrine in lidocaine hydrochloride 
injectable solutions has been automated (7) but is subject 
to interferences. 
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Figure 1-Representatiue chromatograms ofa  2-pl injection of a 2% 
lidocaine hydrochloride with l:lOO,OOO epinephrine solution, showing 
simultaneous detection of lidocaine (1) with UV detector at 254 nm, 
methylparaben (2) with UV detector a t  280 nm, and epinephrine (3) 
with electrochemical detector a t  +0.90 u. 
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betically unless there is a drug of choice, which then is listed first. Prep- 
arations are listed immediately following the drug that is their main in- 
gredient. 


Appendixes 1-3 contain pertinent information on drug interactions, 
intravenous additives, and borderline substances. A small formulary 
section also is included for dispensing those preparations commonly 
prepared extemporaneously, as are a dental formulary, an index of 
manufacturers, and an extensive subject index. 


The BNF is a pocket book for easy referral, and thus cannot contain 
all the information necessary for prescribing and dispensing, but should 
be supplemented by manufacturer’s data sheets and specialized texts 
as needed. 


Future editions will be published twice a year to maintain current in- 
formation on the drugs and preparations. 


Staff Reuiew 


The Use of Alternatives in Drug Research. Edited by ANDREW N. 
ROWAN and CARL J. STRATMANN. University Park Press, 233 
E. Redwood St., Baltimore, MD 21202.1980.190 pp. 15 X 23 cm. Price 
$24.50. 
The advent of the National Toxicology Program has caused a re- 


thinking of the procedures available for economical toxicological as- 
sessment of the thousands of chemicals to which people are exposed and 
the means whereby such exposure can be limited or prevented. This 
volume follows the pathway of chemical evaluation by in uitro systems 
designed to reduce, but not eliminate, the use of animals in pharmaco- 
logical and toxicological research. As the various contributors state, there 
comes a time when only the whole animal will provide the final an- 
swer. 


Hanseh’s coptribution points out a logical manner in which modern 
drug modifications can be carried out in uitro utilizing computer tech- 
niques that allow rational changes in basic molecules to increase potency 
and decrease possible side effects, utilizing partition coefficients and 
binding to receptor sites. Many contributors point out that in uitro use 
of bacteria and cultured cells and tissues can indicate binding sites that 
cannot be determined by in uiuo studies. Thus, the techniques that have 
been used to develop treatments for polio, mumps, and measles now can 
be used to screen antiviral chemicals to determine their antiviral potency 
and the maximum concentrations at  which no toxic effects are caused 
to tissue culture cells. 


Macrophages can be grown in culture, and in uitro studies of cellular 
immunity can be undertaken prior to whole animal testing. Microphar- 
macokinetics of various agents can be undertaken with this system. 
Protozoan diseases now can be studied with culture systems, and the 
various diseases afflicting humans and animals, such as trypanosomiasis, 
leishmaniasis, trichomoniasis, and amoebiasis, in either vector or verte- 
brate forms, can be evaluated for chemical susceptibility. 


Pharmacologists have utilized both tissue slices and cell-free systems 
to study chemical biotransformations, enabling the evaluation of meta- 
bolic processes prior to introduction into whole animals, but the conju- 
gation processes are not usually included in such studies and overall ex- 
cretion may result in damage to such organs as the kidneys. However, 
tissue perfusion can eliminate this drawback partially. The mechanisms 
whereby both inorganic and organic chemicals exert their toxic effects 
on cell membranes and constituents can be studied with such models as 
amoeba proteus and isolated rat hepatocytes. Immunological prepara- 
tions have been prepared by in uitro methods, but numerous biologicals 
have caused disease in humans because they contained live viruses; either 
the viruses were not killed during processing or they were not susceptible 
to the antiviral agent used. Thus, whole animal testing must be con- 
ducted. 


By far, the greatest application of in uitro tests is the microbiological 
assessment of mutagenic and possible carcinogenic potentials of chemi- 
cals. Such methods are discussed by Rosenkrantz et al . ,  who point out 


the various modifications of microbial assays, the activation by S-9 
fractions from various tissues, and the pitfalls encountered. However, 
such tests coupled with various cultured animal and human cell lines 
greatly assist in showing cell transformations and their possible link to 
the mutagenic and carcinogenic processes. 


Of all in uiuo tests used for the determination of skin and eye irritation, 
the Draize test has had the greatest application and has caused the most 
emotional impact. This eye test does not differentiate intermediate ir- 
ritants and has a great degree of subjectivity. Recently, a cytotoxicity test 
was proposed based on the in uitro effects of irritants on 1-929 mouse 
embryo cells. The results obtained compare favorably with eye irritation 
obtained in the Draize test. However, more work must be done to estab- 
lish it as the method of choice. 


In general, this symposium volume should indicate to pharmacologists 
and toxicologists that in uitro procedures should be applied to drug de- 
velopment and chemical evaluation during preliminary research. The 
succinct nature of the material presented and the extensive bibliography 
recommend this volume, and it should be in the library of all researchers 
and students in these fields. 


Reuiewed by Thomas J. Haley 
National Center for Toxicological 


Jefferson, AR 72079 
Research 
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High-Performance Liquid Chromatographic Determination of 
Free Myxin and Its Reduction Product as Impurities in 
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Abstract  A stability-indicating high-performance liquid chromato- 
graphic method was developed that can detect and quantitate low levels 
of the two most likely breakdown products of cuprimyxin. These degra- 
dation compounds, free myxin and its reduction product, can be deter- 
mined in topical cream preparations in which cuprimyxin is formulated 
a t  the 0.5% (w/w) level. The method requires a simple two-step extraction, 
the addition of an internal standard, and chromatography on an amine- 
bonded column. 


Keyphrases 0 Myxin-high-performance liquid chromatographic assay 
in cuprimyxin-containing creams Cuprimyxin-high-performance 
liquid chromatographic determination of free myxin and its reduction 
product u High-performance liquid chromatography-determination 
of free myxin and its reduction product in cuprimyxin-containing creams 
0 Antibacterial agents-high-performance liquid chromatographic de- 
termination of myxin and its reduction product in cuprimyxin-containing 
creams 


Myxin (6-methoxy-l-phenazinol5,10-dioxide) (I) was 
first isolated from the soil (1) and identified as a phena- 
zine-type product from the broth of a myxobacter (2). Its 
correct structure was established by Weigele and 
Leimgruber (3), and it was realized in its most effective 
antimicrobial form as the cupric complex (11) (4, 5). 
When applied topically, I1 was found to have considerable 
antibacterial, antiyeast, and antifungal activity in veteri- 
nary applications without the irritation side effects expe- 
rienced with I (6). It was formulated in a cream and tested 
in vitro against Gram-positive and Gram-negative bac- 
terial and fungal pathogens (7) and yeast infections (S), in 
uivo as a cream for otic and ophthalmic infections (91, and 
as a suspension with hydrocortisone acetate for the 
treatment of otitis (10). The apparent biological mecha- 
nism of action involves alteration of the invading bacterial 
DNA template (11). 


BACKGROUND 


A polarographic investigation found the electrochemical behavior of I 
to be a function of pH, reducing to 6-methoxy-1-phenazinol at pH < 3, 
to the anionic species 6-methoxyphenazinol a t  pH > 9, and to the inter- 
mediate 6-methoxy-1-phenazinol 10-oxide (111) a t  pH 3-9 (12). Com- 
pound 111 can be further reduced by intramolecular hydrogen bonding 
to 6-methoxy-1-phenazinol. The major degradation product of I in acid 
media and in pH 3-9 buffer solutions was found to be 111'. Although the 


B. Z. Senkowski and J. E. Heveran, Hoffmann-La Roche Inc., Nutley, NJ  
07110, 1971, unpublished data. 
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copper complex of I1 is readily dissociated in acid media to form I 
(Scheme I), pharmaceutical creams containing excess copper ions mini- 
mize dissociation when formulated a t  pH 5.7-6.2 (13). 


The rapid conversion of I1 to I was used to assay for I1 by measurement 
of the amount of I found spectrophotometrically2 and by TLC (14). Mi- 
crobiological assay methods for determining I1 directly from seeded agar 
plates also were reported3. 


The determination of I and I11 as probable impurities in formulations 
involving I1 is difficult for two reasons: (a)  the relative ease of conversion 
of I1 to its free form (I), and ( b )  the inability to differentiate I and 111 
spectrophotometrically. A separation technique that minimizes disso- 
ciation of the copper complex is essential. This paper describes the de- 
velopment of a high-performance liquid chromatographic (HPLC) 
method that meets these requirements. 


EXPERIMENTAL 


Apparatus-A constant-flow solvent delivery system4 was connected 
to  a loop injector5. An amine-bonded silica column6 was coupled to a 
spectrophotometric detector7 set a t  280 nrn. A 10-mv recorders was set 
a t  a chart speed of 50 cm/hr. 


Reagents and  Chemicals-Distilled-in-glass grade ethyl acetateg 
and heptaneg and reagent grade acetic acidlo were used. Samples and 


* M. Araujo, W. J. Mergens, and M. Osadca, Hoffmann-La Hoche Inc., Nutley, 


J. A.Bontempo and J. Unowsky, Hoffmann-La Roche Inc., Nutley, NJ 07110, 


* Model 6000A, Waters Associates, Milford, Mass. 
Model U6K, Waters Associates, Milford, Mass. 
Chromegahond NH2 (10 pm), 30 cm X 4.6 mm i.d., ES Industries, Marlton, 


Spectro Monitor 11, LDC, Riviera Beach, Fla. 
Model 20, Varian Aerograph, Palo Alto, Calif. 
Burdick & Jackson Laboratories, Muskegon, Mich. 


NJ  07110 1972, unpublished data. 


1969, unpublished data. 
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lo J. T. Baker Chemical Co., Phillipshurg, N.J. 
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reference materials were obtained from the same source11, except for the 
internal standard, 3-a~etyl indole~~.  


Mobile Phase-A mixture of ethyl acetate-heptane-acetic acid 
(30:69.5:0.5) was prepared and run a t  a flow rate of 3.0 ml/min. 


Reference Standard Stock Solution-Approximately 18 mg of I 
reference standard and 10 mg of I11 reference standard were weighed into 
a 500-ml volumetric flask and then dissolved and diluted to volume with 
ethyl acetate. A 10-ml aliquot was transferred into a 25-ml volumetric 
flask, which then was diluted to volume with heptane. 


Internal  Standard Stock Solution I-Approximately 80 mg of 3- 
acetylindole was weighed into a 500-ml volumetric flask and then dis- 
solved and diluted to volume with ethyl acetate. 


Internal Standard Stock Solution 11-A 10-ml aliquot of internal 
standard stock solution I was transferred into a 25-ml volumetric flask, 
which then was diluted to volume with heptane. 


Working Reference Standard Solution-Equal volumes of the 
reference standard stock solution and the internal standard stock solution 
I1 were pipetted. 


Extraction Solution-The internal standard stock solution I (250 
ml) was transferred into a 500-ml volumetric flask and diluted to volume 
with ethyl acetate. 


Sample Preparation-Approximately 1.0 g of sample was weighed 
into a 50-ml centrifuge tube. Then 10 ml of the extraction solution was 
pipetted into the centrifuge tube, which was stoppered and shaken vig- 
orously by hand until the sample was dispersed in the extracting solvent 
(-1 min). The tube then was centrifuged, and the liquid was decanted 
into a 25-ml volumetric flask. The extraction was repeated with 15 ml 
of a 2:3 ethyl acetate-heptane mixture, and the tube again was centri- 
fuged. The liquid was decanted and combined with the first extraction, 
and the final volume was adjusted to 25 ml with heptane. 


Procedure-The working reference standard solution (50 pl) was 
injected to determine retention times and relative response ratios. This 
injection was followed by 50-p1 injections of the sample solutions. Peaks 
were quantitated by measurement of their heights in millimeters. 


Calculations-The level of I in the sample was determined by the 
following: 


where HI and HA are the respective peak heights of I and 3-acetylindole 
in the sample solution, CA is the 3-acetylindole concentration in the 
sample solution, W is the sample weight (milligrams), RR is the relative 
response ratio, 25 is the dilution factor, and 100 is the conversion to 
percent. 


The level of I as I1 was determined by: 


(70 I in sample)(1.12)(100) 
(0.5) 


70 (w/w) I as I1 = (Eq. 2) 


where 1.12 is the factor to convert I to II,0.5 is the percent of I1 in the 
sample, and 100 is the conversion to percent. 


The level of 111 was calculated in the same manner as I except that the 
1.12 factor was omitted. 


RESULTS AND DISCUSSION 


A representative chromatogram showing the elution of 111, I, and the 
internal standard (IV) at 4,7, and 10.5 min, respectively, is presented in 
Fig. 1. Table I lists data obtained on several lots of cream containing 0.5% 
I1 by weight. The data reflect double extractions of several samples en- 
compassing a wide range of storage time. 


Ethyl acetate was selected as the extracting solvent because of the high 
solubility of I and I11 and the very low solubility of I1 in it. In addition, 
ethyl acetate contributed only slightly to the dissociation of the copper 
complex. Conversely, solvents such as hexane and heptane incompletely 
dissolved I at the level required for preparation of the reference standard. 
Solvents such as methylene chloride, chloroform, and water produced 
dissociation of the complex, resulting in substantial amounts of I being 
formed for each extraction. Furthermore, ethyl acetate was comple- 
mentary to heptane as a mobile phase in that it helped achieve reasonable 
retention times on the HPLC column. 


Dissociation of the copper complex, facilitated by the nature of the 
cream, was singularly the most difficult aspect in developing the ana- 
lytical method. For example, I1 was maintained as a 50% aqueous paste 


l 1  Hoffmann-La Roche Inc., Nutley, N.J. 
l2  Aldrich Chemical Co., Milwaukee, Wis. 


Table I-Levels of I and  I11 in Creams Containing 0.5% I1 


I as I as I11 as 111 as 
Age of Per- Per- Per- Per- 


Sample Sample, centage centage centage centage 
Lot months ofcream of11 ofcream of11 


A 60 0.0055 1.2 0.015 3.0 
B 52 0.0025 0.5 0.005 1 .0 - ._ . ..~. .. ~. c 52 0.0072 1.6 0.038 1.5 
D 47 0.0058 1.3 0.03 6.0 
E 45 0.0055 1.2 0.036 7.1 
F 25 0.0017 0.4 0.004 0.7 
G 23 0.0045 1.0 0.002 0.4 
H 16 0.0018 0.4 0.002 0.4 
I 4 0.0025 0.5 0.007 1.4 
J 3 0.0023 0.5 0.002 0.3 
K 2 0.0038 0.9 0.001 0.2 


since it is subject to violent decomposition in the dry state (15). Investi- 
gations showed that extracts of the paste, even after several days of 
standing in contact with the paste, resulted in little I formation. Yet 
creams to which water was added as an extraction aid produced extensive 
amounts of I when extracted. It is believed that water in the presence of 
another ingredient in the cream, perhaps acid, causes this degrada- 
tion. 


Some dissociation of the complex was observed regardless of the solvent 
chosen to extract the cream. The extent was about the same for hexane 
as for ethyl acetate. A study2 that included hexane, methanol, and ether 
found the stability of I1 in hexane to be the greatest, Of interest is the 
apparent equilibrium established so that a finite and consistent amount 
of I is always formed with each additional extraction. The level of I gen- 
erated thus can be related to  the extent of dissociation. 


The destruction of the complex, a t  least within the framework of the 
cream matrix, is both time and heat dependent and, to a certain degree, 
water dependent. Therefore, it is necessary to proceed swiftly during and 
after extractions. 


Allowing the extract to contact the paste for any length of time in- 
creases the likelihood of dissociation. Furthermore, conversion of I t o  111 
accelerates in solution. Similarly, the introduction of heat during the 
extraction, even from mechanical shaking or ultrasonication, resulted 
in an increased formation of I. Although the effect of water has already 
been cited, no difference was obtained for extractions that incorporated 
sodium sulfate. Therefore, its use is not obligatory. Extraction data are 
shown in Table 11. 


It  was demonstrated13 that I1 is more stable than I, except under acidic 
conditions whereupon the complex is irreversibly dissociated. The in- 
stability of I was observed in the reference solution, both visually, as a 
color change, and chromatographically, as a gradual diminishing of peak 
size over 1 day. If necessary, it may be better to prepare a new standard 
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Figure I-Chromatogram of a 
synthetic mixture ofthe myxin 
reduction product (HI), free 
myxin (I), and the internal 
standard (IV). 
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Table 11-Extraction ResuIts of I as Percentage of I1 


Extract Percentage I 


Cream Extracts, Ultrasonication 
and Mechanical Shaking 


1 0.9 
2 
3 
4 
50 


0.5 
0.5 
0.5 
1.2 


Cream Extracts, Manual Shakin 
1 5.0 
2 
3 
4 
5 
6 
7 
8 b  


0.2 
0.4 
0.1 
0.1 
0.1 
0.1 
1.2 


Cream Extracts, Sodium Sulfate 
1 1.0 
2 
3 


~. 


0.3 
0.2 


Cream Extracts, Water Dispersed 
1 4.1 
2 4.8 
3 6.4 
4 6.2 


1 
2 
3 
4 
5c 


I1 Paste 
0.2 


<o. 1 
<o. 1 
<0.1 


0.2 


0 Overnight standing of extract in contact with cream. b Overweekend standing 
of extract in contact with cream. Overweekend standing of extract in contact with 
paste. 


than to rely on a reduced value for reference response. The small amount 
(0.5%) of acetic acid added to the mobile phase to suppress solute ion- 
ization was not a factor and did not appear to convert any extracted I1 


significantly. 
Linearity studies performed on both I and I11 showed each to he 


completely linear within the concentration range selected, 0.0008-0.008 
and 0.008-0.03 mg/ml, respectively. For I, they intercept was -0.07, the 
slope was 0.996, and the correlation coefficient was 1.000. For 111, these 
values were 1.89,1.49, and 0.999, respectively. An amount of I equivalent 
to 1.5% of I1 was added to 1 g of sample, which then was extracted. The 
recovery was 97.6%. 
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Abstract 0 The mechanism of corneal fluorometholone penetration was 
studied using albino rabbits, and the apparent rate and extent of steroid 
accumulation in the various cell layers of the cornea and aqueous humor 
were determined for normal and abraded eyes. The results are compared 
and contrasted to the mechanism previously reported for pilocarpine. 
Fluorometholone readily penetrates the intact corneal epithelium and 
accumulates in the hydrophilic stroma! layers of the cornea. The kinetic 
profile is similar to that of pilocarpine and is largely a result of the pre- 
corneal dvnamic processes. Pharmacokinetic parameters for each tissue 


were determined to establish an overall mechanism for corneal perme- 
ation of the steroid. 


Keyphrases 0 Fluorometholone-mechanistic studies on transcorneal 
permeation, compared with pilocarpine, rabbits 0 Corneal perme- 
ation-transport mechanism, fluorometholone, compared with pilo- 
carpine, rabbits 0 Pharmacokinetics-fluorometholone compared with 
pilocarpine, mechanistic studies on transcorneal permeation, rabbits 


The ocular penetration of steroids has been widely 
studied (1-8), but with emphasis primarily on quantitating 
specific tissue levels of drug rather than on establishing the 
mechanism for drug movement through the cornea. Pre- 


vious work with pilocarpine defined the role of various 
corneal tissue layers in the permeation of a drug with both 
water and oil solubility (9), and the techniques can be used 
to study a representative steroid with low water solubility 
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Abstract A reversed-phase, high-performance liquid chromatographic 
(HPLC) procedure, which is specific and quantitative for lidocaine hy- 
drochloride, epinephrine, and methylparaben, was developed for the 
analysis of lidocaine hydrochloride and lidocaine hydrochloride with 
epinephrine solutions for injection. Epinephrine sulfonic acid and 
adrenochrome are separated in this system. Also separated are lidocaine 
and methylparaben and their respective degradation products, 2,6-xyl- 
idine and p-hydroxybenzoic acid. The analysis‘requires that three de- 
tectors (two UV and one electrochemical) he connected in series. By using 
this arrangement, lidocaine hydrochloride and methylparaben are 
quantitated by UV at 254 and 280 nm, respectively, while epinephrine 
is quantitated electrochemically. The method is simple, accurate, precise, 
and rapid. No sample preparation or internal standard is necessary, and 
only a 2-pl sample volume is required for analysis. Chromatographic 
conditions include a pBondapak CN column and a mobile phase of 0.01 
M 1-octanesulfonic acid sodium salt, 0.1 mM edetate disodium, 2% acetic 
acid, 2% acetonitrile, and 1% methanol in water. 


Keyphrases 0 High-performance liquid chromatography-specific and 
quantitative stability-indicating procedure for lidocaine hydrochloride, 
epinephrine, and methylparaben Lidocaine hydrochloride-injectable 
solutions of epinephrine using stability-indicating high-performance 
liquid chromatography Epinephrine-high-performance liquid 
chromatographic procedure for assaying components of injectable so- 
lutions 0 Methylparaben-high-performance liquid chromatography 
for assaying components of injectable solutions 


A literature review indicated that the various colori- 
metric and fluorometric methods utilized for the analysis 
of epinephrine in local anesthetic solutions all have prob- 
lems associated with them (1,2). The colorimetric methods 
generally are not stability indicating. Epinephrine sulfonic 
acid and bisulfite interfere with the development of the 
color, resulting in a lack of specificity for intact epineph- 
rine. 


A fluorometric procedure, based on the trihydroxyindole 
reaction first observed by Loew (3) and later modified (4, 
51, is specific for epinephrine but is subject to many vari- 
ables such as time, temperature, pH, presence of bisulfite, 
and the composition of the final alkaline/ascorbate re- 
agent. The current USP (6) method for assaying epi- 
nephrine in lidocaine hydrochloride injectable solutions 
is a fluorometric procedure; although the method is specific 
for epinephrine, its application requires a great deal of 
experience and technique. The fluorometric procedure for 


the analysis of epinephrine in lidocaine hydrochloride 
injectable solutions has been automated (7) but is subject 
to interferences. 
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Figure 1-Representatiue chromatograms ofa  2-pl injection of a 2% 
lidocaine hydrochloride with l:lOO,OOO epinephrine solution, showing 
simultaneous detection of lidocaine (1) with UV detector at 254 nm, 
methylparaben (2) with UV detector a t  280 nm, and epinephrine (3) 
with electrochemical detector a t  +0.90 u. 
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A high-performance liquid chromatographic (HPLC) 
method for epinephrine in local anesthetic solutions, which 
utilized a UV detector, was developed in this laboratory, 
but it lacked the specificity and sensitivity needed to be 
stability indicating. The development of electrochemical 
detectors for HPLC (8) and their subsequent application 
in the analysis of catecholamines in biological systems (9, 
10) opened an entirely new possibility for the analysis of 
epinephrine in local anesthetic preparations. By coupling 
the electrochemical detector in series with a UV detector, 
it was possible to develop a specific, stability-indicating 
method that not only allowed for improved analysis of 
epinephrine but also permitted the simultaneous analysis 
of methylparaben and lidocaine hydrochloride (Fig. 1). 


EXPERIMENTAL 


Apparatus-Analyses were performed on a liquid chromatograph' 
equipped with a 6000-psi solvent delivery system2 and a septumless in- 
jector3. Detection of methylparaben and lidocaine was carried out with 
a dual-channel fixed-wavelength UV detectofi. The methylparaben was 
quantitated at  280 nm, and the lidocaine hydrochloride was quantitated 
at 254 nm. Detection of epinephrine was carried out with a glassy carbon 
thin-layer detector cell5 operated with an amperometric controller6 at  
a potential of +0.90 v relative to a silver-silver chloride reference elec- 
trode7. The inlet of the electrochemical detector was connected to the 
outlet of the UV detector. The prepacked columns (30 cm X 4 mm i.d.) 
was operated at ambient temperature a t  a flow rate of 2.0 ml/min. 


Reagents-1-Octanesulfonic acid sodium saltg, edetate disodiumlo, 
acetic acid", acetonitrileI2, methanol13, meth~lparaben'~, and lidocaine 
hydrochloride monohydrate USP15 were used as received. Epinephrine 
bitartrate USP reference standardI6 was dried in a vacuum desiccator 
over silica gel for a t  least 3 hr before use and subsequently stored in a 
desiccator over silica gel. 


Mobile Phase-The mobile phase consisted of 0.01 M l-octanesul- 
fonic acid sodium salt, 0.1 mM edetate disodium, 2% (v/v) acetic acid, 
2% (v/v) acetonitrile, and 1% (v/v) methanol in high quality distilled 
water. To minimize random electrical noise spikes from the electro- 
chemical detector, the mobile phase should be degassed daily by filtering 
through a 0.45-fim filter17 connected to an aspirator. 


Stock Solutions-Epinephrine lS-An appropriate quantity (Table 
I) of epinephrine bitartrate USP reference standard was weighed accu- 
rately into the appropriate size volumetric flask, 0.01 N HC1 was added, 
and the solution was diluted to volume with 0.01 N HC1 and mixed. The 
solution is stable for 1 week if refrigerated. 


Methylparaben-In a 250-ml volumetric flask, 625 mg of methyl- 
paraben (accurately weighed) was added to 10 ml of acetonitrile and 
stirred until completely dissolved. The solution was diluted to volume 
with distilled water and mixed. Then the solution was cooled to room 
temperature and diluted to volume with distilled water. Occasionally, 
upon standing, some methylparaben crystallized out; it was redissolved 
by heating, but care was taken to recool to room temperature before pi- 
petting for preparation of the standards. 


Lidocaine Hydrochloride l*-An appropriate quantity (Table I) of 
lidocaine hydrochloride monohydrate USP was weighed accurately into 


Model ALZ/GPC 204, Waters Associates, Milford, MA 01757. 
Model 6000A, Waters Associates, Milford, MA 01757. 
Model U6K, Waters Associates, Milford, MA 01757. 
Model 440, Waters Associates, Milford, MA 01757. 
Model TL-5, Bioanalytical Systems, West Lafayette, IN 47906. 
Model LC-4, Bioanalytical Systems, West Lafayette, IN 47906. 
Model RC-2, Bioanalytical Systems, West Lafayette, IN 47906. * pBondapak CN, 10 pm, Waters Associates, Milford, MA 01757. 
Eastman Kodak Co., Rochester, NY 14650. 


lo Analytical reagent grade, Mallinckrodt Chemical Works, St. Louis, MO 


l1 Analytical reagent grade, J.  T. Baker Chemical Co., Phillipsburg, NJ 08865. 
Low UV, distilled in glass, Burdick & Jackson Laboratories, Muskegon, MI 


l3 Anhydrous, distilled in glass, Burdick & Jackson Laboratories, Muskegon, MI 


l4 J. T. Baker Chemical Co., Phillipsburg, NJ 08865. 
15Astra Pharmaceutical Products, Worcester, MA 01606. 
l6 USP-NF Reference Standards, Rockville, MD 20852. 
l7 Type HA, Millipore Carp., Bedford, MA 01730. 
lS Appropriate dilutions of the stock solutions may be made instead of separate 


63134. 


49442. 


49442. 


stock solutions for each concentration. 


Table I-Weight Guidelines for the Preparation of Stock 
Solutions and Standards for Various Lidocaine Hydrochloride- 
Epinephrine Products 


~ 


Recom- 
mended Resulting 


Sample Stock Solution Dilution Concentration 


1:50,000 


1:100,000 


1:200,000 


1.00 mg/ml 


0.5% 


1.0% 


1.5% 


2.0% 


EpinephrineQ 
-18 mg/100 ml of 5:25 


-23 mg/250 ml of 525 
0.01 N HC1 


0.01 N HC1 
-23 mg/500 ml of 525 


0.01 N HC1 
Methylparabenb 


-625 mg/250 ml of 1025 
distilled water 


Lidocaine Hydrochloride" 
-1.56 g/100 ml of 


distilled water 
-3.11 g/lOO ml of 


925 (825) 


925 (8:25) 
distilled water 


-4.67 g/100 ml of 
distilled water 


-6.22 g/100 ml of 
distilled water 


9:25 (825) 


9:25 (825) 


-20 fig/ml 


-10 pg/ml 


-5.0 fig/ml 


-1.0 mg/ml 


-5.3 (-4.71, 
mg/ml 


mg/ml 


mg/ml 


mdml 


-10.5 (-9.4), 


-15.8 (-14.1), 


-21.0 (-18.7), 


Epinephrine (pg/ml) = [epinephrine bitartrate (mg)/volume (ml) X 
(183.21/333.30) X (5/25) X 1OOO. * Methylparaben (mg/ml) = [methylparaken 
(m )/250] X (10/25). Lidocaine h drochloride (mg/ml) = [lidocaine HC1. HzO 


a 100-ml volumetric flask and distilled water was added; then the solution 
was diluted to volume with distilled water and mixed. 


Standard Solutions-Two standards (one at -95% and one at -105% 
of the expected lidocaine hydrochloride concentration) are required for 
the quantitation of the lidocaine hydrochloride if calculated utilizing peak 
heights. (Preliminary data indicated that only one standard is necessary 
if peak areas are utilized for the quantitation.) 


Standard I-Five milliliters of the appropriate (Table I) epinephrine 
stock solution, 10 ml of methylparaben stock solution, and 9 ml of the 
appropriate (Table I) lidocaine hydrochloride stock solution were pi- 
petted into a 25-ml volumetric flask, diluted to volume with distilled 
water, and mixed. 


Standard ZI-Five milliliters of the epinephrine stock solution used 
for Standard I, 10 ml of methylparaben stock solution, and 8 ml of the 
lidocaine hydrochloride stock solution used for Standard I were pipetted 
into a 25-ml volumetric flask, diluted to volume with distilled water, and 
mixed. 


The lidocaine hydrochloride monohydrate salt was used to prepare 
the stock solutions, but the final concentrations of the standards are re- 
ported as anhydrous lidocaine hydrochloride. 


Chromatography-The column was conditioned with mobile phase 
for 0.5 hr a t  a flow rate of 2 ml/min before use. The electrochemical de- 
tector was turned on 0.5 hr before use. Standard I (2 pl) was injected re- 
peatedly until the peak height response for all peaks of interest was re- 
producible t o  &1-2%. The retention times of epinephrine, methylparaben, 
and lidocaine are -3, -5, and -7 min, respectively. The flow rate was 
varied slightly to compensate for minor column-to-column differences. 
Two-microliter injections of the standards and samples were made, en- 
suring that each series of samples was bracketed by an injection of 
Standards I and 11. 


(g)%00] X (270.8/288.8) X [9(8)/253 x 1000. 


Calculations-The following calculations were used. 
1. epinephrine (micrograms per milliliter) = (peak height of epi- 


nephrine in sample divided by average peak height of epinephrine in 
Standards I and 11) X concentration of epinephrine in standards (mi- 
crograms per milliliter) 


2. methylparaben (milligrams per milliliter) = (peak height of meth- 
ylparaben in sample divided by average peak height of methylparaben 
in Standards I and 11) X concentration of methylparaben in standards 
(milligrams per milliliter) 


For lidocaine hydrochloride (milligrams per milliliter)1g, the equation 
of the line is determined where Yr and Y I I  are the peak heights for lido- 
caine hydrochloride in Standards I and I1 and X I  and X I I  are the con- 
centrations (milligrams per milliliter) of lidocaine hydrochloride in 
Standards I and 11, respectively. The peak height (Y,) for lidocaine hy- 


~ ~~~ 


l9 This entire calculation can be performed on any calculator capable of linear 
regression analysis. 
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Table XI-HPLC Retention Values for Epinephrine, 
Methylparaben, Lidocaine Hydrochloride, and Their Potential 
Degradation Products 


Retention 
Time, 


ComDound min k' 


1 


9 6 3 0  3 0  
MINUTES 


Figure 2 4 A )  Representative chromatogram of a 2-gl injection of a 
2% lidocaine hydrochloride with 1:100,000 epinephrine solution with 
UV detector at 280 nm and 0.005 aufs. Key: 1 ,  epinephrine; 2, epi- 
nephrine sulfonic acid; 3, sodium metabisulfite; 4 ,  methylparaben; 5, 
lidocaine hydrochloride; 6, p-hydroxybenzoic acid; and 7, package ex- 
tractables and unknowns. (B) Representative chromatogram of a 2 - ~ 1  
injection of the same solution as in A with electrochemical detector at 
+ O M  v and 50 nalv. Key: 1 ,  epinephrine; 2, epinephrine sulfonic acid; 
and 3, sodium metabisulfite. 


drochloride in the sample is substituted into the equation, which is solved 
for the concentration ( X s ) .  


RESULTS 


Precision-The precision (reproducibility), reported as the relative 
standard deviation, was better than f 1% for epinephrine, methylparaben, 
and lidocaine hydrochloride as determined on 10 replicate injections. 


Linearity-The linearity of response was determined by preparing 
samples containing known quantities of the components of interest in 
a range from -80-120% of the theoretical labeled quantity a t  each con- 
centrationzO. All calibration curves were linear, with correlations coeffi- 
cient >0.99. 


Accuracy-Accuracy was determined by preparing simulated samples 
containing known quantities of the components of interest along with 
all excipients. The percent recoveries were determined by four different 
operators on two liquid chromatographs over 1 week, indicating that a 
day-to-day accuracy of f 1% could be obtained routinely: epinephrine, 
99.9 f 0.6% (98.1-100.9%), n = 34; methylparaben, 99.8 f 0.5% (99.0- 
100.6%), n = 8; and lidocaine hydrochloride, 100.2 f 0.9% (98.&101.8%), 
n = 30. 


Specificity-Simulated samples to which the potential degradation 


20 Epinephrine concentrations were 1:50,000; 1:100,ooO; and 1:200,ooO. The 
methylparaben concentration was 1.00 mg/ml. The lidocaine hydrochloride con- 
centrations were 0.5, 1.0, and 2.0%. The method was developed so that solutions 
containing 0.5-2.0% lidocaine hydrochloride could he assayed without any sample 
preparation. If the lidocaine hydrochloride concentration in a sample to be assayed 
is >2.0%, an appropriate dilution with distilled water should be made so that the 
lidocaine hydrochloride concentration is between 0.5 and >2.0%. 


Epinephrine sulfonic acid 
Adrenochrome 
Epinephrine 
p-Hydroxybenzoic acid 
Methylparaben 
2,6-Xylidine 
Lidocaine hvdrochloride 


1.8 
2.2 
3.0 
3.2 
5.0 
4.4 
6.8 


0.29 
0.57 
1.14 
1.29 
2.57 
2.14 
3.86 


products had been added were injected, and the chromatograms were 
recorded. The potential degradation products were separated from the 
components of interest (Table II), indicating that the HPLC method is 
stability indicating. 


Further proof of this stability-indicating capability was obtained by 
subjecting production batchesz1 of lidocaine hydrochloride with epi- 
nephrine injection to various conditions of stressz2 and assaying for 
epinephrine, methylparaben, and lidocaine hydrochloride. The results 
indicated that the major degradation products were those that had been 
proposed (Table 11) and also that any other unknown degradation 
products did not interfere with the assays. 


A comparison of the chromatograms obtained from analysis of the same 
solutionz3 with the UV and electrochemical detectors clearly showed the 
advantages gained in specificity and sensitivity from the electrochemical 
detectors. Not only the degradation products but also the package ex- 
tractables interfered with the accurate quantitation of epinephrine with 
the UV detector (Fig. 2). 


An electrochemically active peak was observed that eluted from the 
column immediately after epinephrine (Fig. 3). This peak was identified 


A 


1 


3 


B 


3 
1 


r 
3 0 3 0 


MINUTES 


Figure 3-Representative chromatograms of a 2 - ~ 1  injection of a 2% 
lidocaine hydrochloride with l:100,000 epinephrine solution. Key: A, 
with 0.1 mM disodium edetate in the mobile phase; B; without disodium 
edetate; 1 ,  epinephrine; 2, epinephrine sulfonic acid; and 3, sodium 
metabisulfite. 


Astra Pharmaceutical Products, Worcester, MA 01606. 
22 Autoclaving for 5,10, and 20 cycles, storage for 1 month at 80 and 11O0, expo- 


sure to atmospheric oxygen, addition of 12 ppm of aluminum, and an increase in 
the H of the solution. 


2pProduct at its expiration date. 
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Table 111-Comparison of the HPLC Method with the USP XX 
or  Current Methodology 


Number 
of 


Batches Percent 
Assay Assayed Differencea 


Epinephrine 115 -0.3 (USP-HPLC) 


Lidocaine hydrochloride 87 -2.3 (USP-HPLC) 
Methylparaben 87 +2.5 (UV-HPLC) 


Mean percent difference for batches assayed. 


as Fez+ (11) and did not interfere with the assay. However, addition of 
0.1 mM edetate disodium to the mobile phase resulted in complete 
elimination of the Fez+ peak with no other effect on the chromato- 
gram. 


Comparison of HPLC Method with USP or  Current Methodol- 
ogy-Production samples21 of lidocaine hydrochloride with epinephrine 
in injectable solutions, which included vials, ampuls, and dental cartridges 
from batches < 1 month old to batches at their expiration date, were 
assayed by HPLC, fluorometry (epinephrine), titrimetry (lidocaine hy- 
drochloride), and spectrophotometry (methylparaben). All analyses were 
performed on individual dosage units (if enough solution was available) 
or on aliquots from a pool of several dosage units (if one unit was inade- 
quate). The results (Table 111) indicate good agreement between the 
methods. 


DISCUSSION 


The HPLC procedure provides a significant advance over existing 
methodology for assaying components in epinephrine-containing local 
anesthetic injectable solutions. Three of the major components (epi- 
nephrine, lidocaine hydrochloride, and methylparaben) of these types 
of dosage forms may be assayed simultaneously in one injection. The 
current methodology requires separate analytical procedures for each 
component. 


The small sample size (2 111) allows replicate analysis of the three 
components from individual dosage units. The current methodology in 
some cases requires units to he pooled to obtain a sufficient sample for 
analysis. 


No preparation of the sample is necessary. The dosage unit is opened, 
a 2-pl aliquot is removed with a 10-11 syringe, and the sample is injected 
into the chromatograph. The current methodology requires extensive 
sample preparation for each component. 


The HPLC method is selective and specific for all three Components 
and is stability indicating. 


Although both the HPLC and current methodology may be automated, 
the HPLC method offers a distinct advantage since only one setup of 
automated equipment is needed. The current methodology requires three 
separate and different automated setups since the procedure for each 
component is different. The HPLC methodology can be used to assay 
other local anesthetic injectable solutions such as prilocaine hydrochlo- 
ride, etidocaine hydrochloride, mepivacaine hydrochloride, and bupi- 
vacaine hydrochloride with little or no change in the mobile phase. 
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Abstract 0 Analytical methodology was developed for the quantitation 
of p-hydroxyphenobarbital extracted from plasma, urine, and hepatic 
microsomes. p-Hydroxyphenobarbital was derivatized with an appro- 
priate n-alkyl iodide in the presence of a methanolic base in aprotic sol- 
vent medium. The peralkylated derivatives were stable indefinitely and 
were quantitated by the sensitive and selective method of GC nitrogen- 
selective detection and/or selected ion monitoring. The accuracy, pre- 
cision, and cross verification of all methods were good. The analysis was 


subsequently used to study the effects of other drugs on phenobarbital 
biodisposition. 


Keyphrases 0 p-Hydroxyphenobarbital-determination by GC and 
GC-mass spectrometry in urine, plasma, and hepatic microsomes 0 
Phenobarbital-quantitation of p-hydroxyphenobarbital by GC and 
GC-mass spectrometry in urine, plasma, and hepatic microsomes 0 
GC-nitrogen-selective detection of p-hydroxyphenobarbital in urine, 
plasma, and hepatic microsomes 


Phenobarbital (I) is commonly used in the treatment of considered to be devoid of antiepileptic activity, its 
epilepsy, and p-hydroxyphenobarbital (11) is its major quantitation is important when studying phenobarbital 
metabolite. Even though p-hydroxyphenobarbital is biodisposition. During a study on the mechanisms of val- 
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betically unless there is a drug of choice, which then is listed first. Prep- 
arations are listed immediately following the drug that is their main in- 
gredient. 


Appendixes 1-3 contain pertinent information on drug interactions, 
intravenous additives, and borderline substances. A small formulary 
section also is included for dispensing those preparations commonly 
prepared extemporaneously, as are a dental formulary, an index of 
manufacturers, and an extensive subject index. 


The BNF is a pocket book for easy referral, and thus cannot contain 
all the information necessary for prescribing and dispensing, but should 
be supplemented by manufacturer’s data sheets and specialized texts 
as needed. 


Future editions will be published twice a year to maintain current in- 
formation on the drugs and preparations. 


Staff Reuiew 


The Use of Alternatives in Drug Research. Edited by ANDREW N. 
ROWAN and CARL J. STRATMANN. University Park Press, 233 
E. Redwood St., Baltimore, MD 21202.1980.190 pp. 15 X 23 cm. Price 
$24.50. 
The advent of the National Toxicology Program has caused a re- 


thinking of the procedures available for economical toxicological as- 
sessment of the thousands of chemicals to which people are exposed and 
the means whereby such exposure can be limited or prevented. This 
volume follows the pathway of chemical evaluation by in uitro systems 
designed to reduce, but not eliminate, the use of animals in pharmaco- 
logical and toxicological research. As the various contributors state, there 
comes a time when only the whole animal will provide the final an- 
swer. 


Hanseh’s coptribution points out a logical manner in which modern 
drug modifications can be carried out in uitro utilizing computer tech- 
niques that allow rational changes in basic molecules to increase potency 
and decrease possible side effects, utilizing partition coefficients and 
binding to receptor sites. Many contributors point out that in uitro use 
of bacteria and cultured cells and tissues can indicate binding sites that 
cannot be determined by in uiuo studies. Thus, the techniques that have 
been used to develop treatments for polio, mumps, and measles now can 
be used to screen antiviral chemicals to determine their antiviral potency 
and the maximum concentrations at  which no toxic effects are caused 
to tissue culture cells. 


Macrophages can be grown in culture, and in uitro studies of cellular 
immunity can be undertaken prior to whole animal testing. Microphar- 
macokinetics of various agents can be undertaken with this system. 
Protozoan diseases now can be studied with culture systems, and the 
various diseases afflicting humans and animals, such as trypanosomiasis, 
leishmaniasis, trichomoniasis, and amoebiasis, in either vector or verte- 
brate forms, can be evaluated for chemical susceptibility. 


Pharmacologists have utilized both tissue slices and cell-free systems 
to study chemical biotransformations, enabling the evaluation of meta- 
bolic processes prior to introduction into whole animals, but the conju- 
gation processes are not usually included in such studies and overall ex- 
cretion may result in damage to such organs as the kidneys. However, 
tissue perfusion can eliminate this drawback partially. The mechanisms 
whereby both inorganic and organic chemicals exert their toxic effects 
on cell membranes and constituents can be studied with such models as 
amoeba proteus and isolated rat hepatocytes. Immunological prepara- 
tions have been prepared by in uitro methods, but numerous biologicals 
have caused disease in humans because they contained live viruses; either 
the viruses were not killed during processing or they were not susceptible 
to the antiviral agent used. Thus, whole animal testing must be con- 
ducted. 


By far, the greatest application of in uitro tests is the microbiological 
assessment of mutagenic and possible carcinogenic potentials of chemi- 
cals. Such methods are discussed by Rosenkrantz et al . ,  who point out 


the various modifications of microbial assays, the activation by S-9 
fractions from various tissues, and the pitfalls encountered. However, 
such tests coupled with various cultured animal and human cell lines 
greatly assist in showing cell transformations and their possible link to 
the mutagenic and carcinogenic processes. 


Of all in uiuo tests used for the determination of skin and eye irritation, 
the Draize test has had the greatest application and has caused the most 
emotional impact. This eye test does not differentiate intermediate ir- 
ritants and has a great degree of subjectivity. Recently, a cytotoxicity test 
was proposed based on the in uitro effects of irritants on 1-929 mouse 
embryo cells. The results obtained compare favorably with eye irritation 
obtained in the Draize test. However, more work must be done to estab- 
lish it as the method of choice. 


In general, this symposium volume should indicate to pharmacologists 
and toxicologists that in uitro procedures should be applied to drug de- 
velopment and chemical evaluation during preliminary research. The 
succinct nature of the material presented and the extensive bibliography 
recommend this volume, and it should be in the library of all researchers 
and students in these fields. 


Reuiewed by Thomas J. Haley 
National Center for Toxicological 


Jefferson, AR 72079 
Research 
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Table 11-Extraction ResuIts of I as Percentage of I1 


Extract Percentage I 


Cream Extracts, Ultrasonication 
and Mechanical Shaking 


1 0.9 
2 
3 
4 
50 


0.5 
0.5 
0.5 
1.2 


Cream Extracts, Manual Shakin 
1 5.0 
2 
3 
4 
5 
6 
7 
8 b  


0.2 
0.4 
0.1 
0.1 
0.1 
0.1 
1.2 


Cream Extracts, Sodium Sulfate 
1 1.0 
2 
3 


~. 


0.3 
0.2 


Cream Extracts, Water Dispersed 
1 4.1 
2 4.8 
3 6.4 
4 6.2 


1 
2 
3 
4 
5c 


I1 Paste 
0.2 


<o. 1 
<o. 1 
<0.1 


0.2 


0 Overnight standing of extract in contact with cream. b Overweekend standing 
of extract in contact with cream. Overweekend standing of extract in contact with 
paste. 


than to rely on a reduced value for reference response. The small amount 
(0.5%) of acetic acid added to the mobile phase to suppress solute ion- 
ization was not a factor and did not appear to convert any extracted I1 


significantly. 
Linearity studies performed on both I and I11 showed each to he 


completely linear within the concentration range selected, 0.0008-0.008 
and 0.008-0.03 mg/ml, respectively. For I, they intercept was -0.07, the 
slope was 0.996, and the correlation coefficient was 1.000. For 111, these 
values were 1.89,1.49, and 0.999, respectively. An amount of I equivalent 
to 1.5% of I1 was added to 1 g of sample, which then was extracted. The 
recovery was 97.6%. 
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Abstract 0 The mechanism of corneal fluorometholone penetration was 
studied using albino rabbits, and the apparent rate and extent of steroid 
accumulation in the various cell layers of the cornea and aqueous humor 
were determined for normal and abraded eyes. The results are compared 
and contrasted to the mechanism previously reported for pilocarpine. 
Fluorometholone readily penetrates the intact corneal epithelium and 
accumulates in the hydrophilic stroma! layers of the cornea. The kinetic 
profile is similar to that of pilocarpine and is largely a result of the pre- 
corneal dvnamic processes. Pharmacokinetic parameters for each tissue 


were determined to establish an overall mechanism for corneal perme- 
ation of the steroid. 


Keyphrases 0 Fluorometholone-mechanistic studies on transcorneal 
permeation, compared with pilocarpine, rabbits 0 Corneal perme- 
ation-transport mechanism, fluorometholone, compared with pilo- 
carpine, rabbits 0 Pharmacokinetics-fluorometholone compared with 
pilocarpine, mechanistic studies on transcorneal permeation, rabbits 


The ocular penetration of steroids has been widely 
studied (1-8), but with emphasis primarily on quantitating 
specific tissue levels of drug rather than on establishing the 
mechanism for drug movement through the cornea. Pre- 


vious work with pilocarpine defined the role of various 
corneal tissue layers in the permeation of a drug with both 
water and oil solubility (9), and the techniques can be used 
to study a representative steroid with low water solubility 
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such as fluorometholone. This report compares and con- 
trasts the corneal transport mechanism of fluorometholone 
to that established for pilocarpine. 


EXPERIMENTAL 


Materials-Tritiated fluorometholone' was prepared using catalytic 
exchange. The specific activity of the steroid was 1.2 Ci/mmole, and the 
product was purified by vacuum distillation immediately prior to use. 


Male albino rabbits, 2.0-2.5 kg, were fed a regular diet with unrestricted 
food and water. 


Preparation of Fluorometholone Solution-A sufficient quantity 
of the tritiated steroid was added to sterile normal saline to make a 4 X 


M solution. The saline containing the steroid was equilibrated on 
a shaker bath at  room temperature for 24 hr to ensure complete solution. 
The small amount of added tritiated steroid did not significantly alter 
the osmolarity of the saline solution. 


Removal of Corneal Epithelium-The epithelial layer of the cornea 
was removed under local anesthesia to simulate an abraded eye or was 
harvested following death of the animals. In the first case, 2 drops of 0.5% 
tetracaine hydrochloride was used as a topical anesthetic prior to epi- 
thelium removal. 


Aqueous Humor Drug Concentration versus Time Profiles-The 
techniques used were presented previously (1,9). Unanesthetized animals 
were used, and a standard 50-pl dose was instilled with a microliter sy- 
ringe. The dose was placed carefully onto the upper margin of the corneal 
surface and allowed to collect in the lower cul-de-sac. 


At specified times following dosing, animals were sacrificed using an 
overdose of pentobarbital sodium. Eyes were rinsed with saline, and 
aqueous humor was aspirated from the anterior chamber. Aqueous humor 
samples (100 pl) were delivered into plastic liquid scintillation vials2 
containing refrigerated liquid scintillation counting solution3. The 
samples were counted using a scintillation spectrometer4, and the data 
were converted to micrograms of steroid per milliliter of aqueous 
humor. 


Corneal Drug Concentration versus Time Profiles-Cornea 
samples were taken immediately after aqueous humor was aspirated from 
the anterior chamber. Each cornea sample was rinsed with saline and 
blotted on tissue to remove excess water. The corneas were placed into 
tared combustion cones5, and the wet weight was determined using an 
analytical balance. The cornea-containing combustion cone then was 
placed in a plastic vial6 containing scintillation solution7. A tissue oxi- 
dizers was used to burn each cornea, and samples were analyzed for ste- 
roid content. The final count for each sample was converted to micro- 
grams of steroid per gram of cornea. 


The only modification to this basic procedure occurred when only 
specific tissue layers of the cornea were monitored for steroid content; 
the described techniques were used. 


RESULTS 


Aqueous Humor Steroid Levels af ter  Dosing with Fluo- 
rometholone Solution- Aqueous humor steroid levels were monitored 
for 2 hr after topical instillation of fluorometholone solution into intact 
eyes (Fig. 1). A peak level was attained within 30 min. A semilog plot of 
the data gave a log-linear decline of concentration immediately following 
this peak, with an associated rate constant of 0.013 min-'. Further 
pharmacokinetic analysis yielded an apparent absorption rate constant 
of 0.07 min-'. In addition, estimates of the area under the curve for up 
to 2 hr postinstillation indicated that at least 20-30% of the instilled dose 
ultimately reached the aqueous humor. 


Corneal Steroid Concentration following Dosing with Fluo- 
rometholone Solution-The corneal fluorometholone levels for the 
various tissue layers of intact eyes are presented in Figs. 1 and 2. The 
steroid reached a peak concentration in the whole intact cornea (Fig. I) 
within 5 min; this result also was reflected by the data for the corneal 
epithelium (Fig. 2). A semilog plot of the data for the epithelium showed 
that drug concentration in this tissue was biphasic with two linear elim- 
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MINUTES 
Figure 1-Concentration of steroid in ocular tissues after dosing intact 
eyes with 4 X M fluorometholone solution. Key: 0, aqueous humor; .. intact cornea; and A, stroma-endothelium. 
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Figure $-Concentration of steroid in the epithelium after dosing intact 
eyes with 4 X M fluorometholone solution. 
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Figure 3-Amount of steroid in  ocular tissues after dosing intact eyes 
with 4 X lO+M fluorometholone solution. Key: @, epithelium; .,intact 
cornea; and A, stroma-endothelium. 


ination segments. This finding is almost identical to that previously seen 
with pilocarpine (9). The first-phase elimination rate constant was 0.06 
min-', and the terminal phase rate constant was 0.014 min-l. 


The steroid also quickly reached the stroma+ndothelium of the intact 
eye and built up to a relatively high concentration when compared with 
the aqueous humor levels. These levels decreased with an associated rate 
constant of 0.16 min-l and remained higher than the respective aqueous 
humor concentrations at  all times up to 2 hr after dosing. 


The amount of steroid in each tissue was also calculated using the ex- 
perimentally determined tissue weights. Data of this type often can 
provide a clearer understanding of drug movement through the various 
ocular tissues. Although drug concentration is the driving force for drug 
permeation through these tissues, the large differences in tissue weights 
and distribution volumes sometimes give a misleading representation 
of the actual amount of drug involved. A comparison of the various 
amount uersus time profiles can be made by referring to Fig. 3. The 
amount of fluorometholone in the epithelium fell below that in the 
stroma-endothelium rather quickly, even though the epithelial con- 
centration remained higher a t  all times up to 2 hr. These differences are 
due to the almost 10-fold difference in weights between these two tissue 
layers. 


Ocular Penetration of Fluorometholone in Abraded Eyes-The 
concentration of fluorometholone in aqueous humor and the cornea 
following topical instillation of a 4 X M solution into intact and 
abraded eyes is presented in Figs. 4 and 5.  Removal of the epithelium 
increased the aqueous humor levels of fluorometholone by -60%, even 
though the peak was shifted from 30 min in intact eyes to -10 min in 
abraded eyes. In addition, the elimination rate from the aqueous humor 
was about twice that obtained for intact eyes, being -0.027 min-I. The 
net result of these effects was that the areas under the curve for intact 
and abraded eyes were nearly identical. 


DISCUSSION 


A true solution of the drug was selected as the dosing system to avoid 
slow absorption of undissolved drug in a suspension. Thus, the t l / z  of 
fluorometholone in aqueous humor was -54 min for intact eyes. This 
amount corresponds well with the turnover rate of aqueous humor, and 


1 


- ' 5'1'0 ;o 3'0 60 90 120 
MINUTES 


Figure 4-Aqueous humor steroid concentration in intact (e) and 
abraded (0) eyes after dosing with 4 X M fluorometholone solu- 
tion. 
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Figure 5-Corneal steroid concentration in intact (a) and abraded (0) 
eyes after dosing with 4 X 


presumably removal of fluorometholone from the anterior chamber is 
governed by this mechanism. However, previous corneal transport studies 
with fluorometholone suspensions reported a tllz of -100 min (10) be- 
cause they did not extend beyond absorption of the suspension to obtain 
the true elimination rate constant. 


The peak times for fluorometholone in the ocular tissues were similar 
to those previously obtained for pilocarpine (9). This observation would 
be somewhat puzzling when the vastly different water solubilities of these 
two drugs are considered. However, the effect of the parallel elimination 
process in the precorneal area on the observed apparent kinetic constants 
for ocular drug permeation already has been extensively discussed (9,ll). 
This parallel loss process is responsible for the apparent peak times and 
is essentially the same for both fluorometholone and pilocarpine. 


The kinetic constants obtained for the various tissues are consistent 
with a mechanism consisting of a series of first-order absorption and 
elimination steps occurring in a succession of compartments with little 
or no lateral drug diffusion. The first-phase absorption rate constant 
calculated from the epithelium data was -0.5 min-' for fluorometholone. 
This value again coincides well with the apparent absorption rate con- 
stant derived from previous rinsing studies and further reinforces the 
premise that this apparent kinetic constant is a direct reflection of the 
precorneal drainage process ( k d  = 0.545 min-1). The first-phase corneal 


M fluorometholone solution. 
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Figure 6-Epithelial Concentration versus time profiles for piloearpine 
(A) and fluorometholone (A). 
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Table I-Percent of Total Corneal Drug Content Present in  
Epithelium a t  Various Times after Dosing with Pilocarpine and 
Fluorometholone Solutions 


Percent in Epithelium 
Minutes Pilocarpine Fluorometholone 


5 92 56 
10 85 52 
20 68 40 
30 72 42 
60 67 45 


120 73 44 


elimination rate constant (0.06 min-') corresponds well with the apparent 
absorption rate constant into the aqueous humor (0.07 min-'). In addi- 
tion, the terminal phase elimination rate constant (0.014 min-') is almost 
equal to the measured aqueous humor elimination rate constant (0.013 
min-'1. 


The stroma-endothelium acts as a separate, distinct compartment 
from the aqueous chamber in the case of fluorometholone, unlike the 
situation for pilocarpine where free diffusion of drug between the aqueous 
humor and the stroma-endothelium occurred (9). The differences may 
be ascribed to possible binding of the steroid to some substance in the 
stroma (e.g., collagen) or to an involvement of the endothelium. Owing 
to the oil solubility of fluorometholone, it is not unlikely that the drug 
may directly enter the cell membranes of the endothelium and pass via 
a transcellular route. On the other hand, being relatively fat insoluble, 
pilocarpine may pass directly into the anterior chamber via the inter- 
cellular spaces or pores. The difference in the elimination rate constants 
is particularly significant for the aqueous humor and cornea when com- 
paring intact and abraded eyes. The increased elimination rate for 
abraded eyes suggests that the steroid leaves these tissues largely by 
back-diffusion into the tear film when the epithelium is not present. This 
effect was not apparent in the previous studies with pilocarpine. The 
extent of back-diffusion might argue against a protein binding mechanism 
for fluorometholone in the stroma in favor of a role for the endothe- 
lium. 


The true absorption rate constant for pilocarpine is small, -0.002 
min-' (9). The data for fluorometholone indicate a much larger true rate 
constant for the steroid. The initial precorneal conditions were similar 
for both drugs, yet the total bioavailability of fluorometholone from so- 
lution was much greater. Nearly 30% of the instilled fluorometholone dose 
appeared to penetrate the cornea as opposed to only -3% of pilocarpine. 
This finding suggests that the true rate constant for absorption into the 
epithelium is about 10 times higher than that of pilocarpine, or on the 
order of 0.02 min-'. However, this still would not change the observed 
apparent absorption rate constant (0.5 min-') since the overriding in- 
fluence is the rate constant for drainage. Thus, even though the apparent 
rate constant is the sum of all rate constants in the precorneal area, the 
increased magnitude of ktme for fluorometholone is not sufficient to show 
up in the experimental measurement of kapparent. 


The results of the abraded eye studies (Fig. 4) show that the epithelium 


is not as great a barrier for fluorometholone as for pilocarpine. Thus, 
removal of the epithelium only increased the peak aqueous humor con- 
centration by -60'70, whereas the observed increase with pilocarpine was 
a factor of 7 (9). This observation was noted previously (5) in an in uitro 
perfusion study where a three- to fourfold increase in corneal permeability 
was noted for water-soluble steroids and little or no increase was observed 
for lipid-soluble corticosteroids such as fluorometholone. This effect is 
also apparent when the percent of total corneal drug content present in 
the epithelium is calculated and compared for both drugs (Table I). Drug 
disposition in the cornea clearly favors the epithelium for pilocarpine, 
whereas fluorometholone distributes somewhat equally between the 
epithelium and stroma-endothelium. Previous work with pilocarpine 
showed the epithelium acting as both a barrier and a reservoir for pilo- 
carpine, but this effect is less prominent with fluorometholone. 


The epithelial drug concentration-time profile for fluorometholone 
is biphasic when plotted semilogarithmically. Similar circumstances exist 
for pilocarpine; in fact, the two drugs have remarkably similar profiles 
for this tissue (Fig. 6). Except for the absolute magnitude of the tissue 
concentrations, the shapes of the profiles are virtually identical. When 
the vastly different physical properties of fluorometholone and pilocar- 
pine are considered, it seems likely that the explanation for this similarity 
is linked to some process involving the ocular tissues rather than to some 
specific property of both drugs. 
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Table 111-Comparison of the HPLC Method with the USP XX 
or  Current Methodology 


Number 
of 


Batches Percent 
Assay Assayed Differencea 


Epinephrine 115 -0.3 (USP-HPLC) 


Lidocaine hydrochloride 87 -2.3 (USP-HPLC) 
Methylparaben 87 +2.5 (UV-HPLC) 


Mean percent difference for batches assayed. 


as Fez+ (11) and did not interfere with the assay. However, addition of 
0.1 mM edetate disodium to the mobile phase resulted in complete 
elimination of the Fez+ peak with no other effect on the chromato- 
gram. 


Comparison of HPLC Method with USP or  Current Methodol- 
ogy-Production samples21 of lidocaine hydrochloride with epinephrine 
in injectable solutions, which included vials, ampuls, and dental cartridges 
from batches < 1 month old to batches at their expiration date, were 
assayed by HPLC, fluorometry (epinephrine), titrimetry (lidocaine hy- 
drochloride), and spectrophotometry (methylparaben). All analyses were 
performed on individual dosage units (if enough solution was available) 
or on aliquots from a pool of several dosage units (if one unit was inade- 
quate). The results (Table 111) indicate good agreement between the 
methods. 


DISCUSSION 


The HPLC procedure provides a significant advance over existing 
methodology for assaying components in epinephrine-containing local 
anesthetic injectable solutions. Three of the major components (epi- 
nephrine, lidocaine hydrochloride, and methylparaben) of these types 
of dosage forms may be assayed simultaneously in one injection. The 
current methodology requires separate analytical procedures for each 
component. 


The small sample size (2 111) allows replicate analysis of the three 
components from individual dosage units. The current methodology in 
some cases requires units to he pooled to obtain a sufficient sample for 
analysis. 


No preparation of the sample is necessary. The dosage unit is opened, 
a 2-pl aliquot is removed with a 10-11 syringe, and the sample is injected 
into the chromatograph. The current methodology requires extensive 
sample preparation for each component. 


The HPLC method is selective and specific for all three Components 
and is stability indicating. 


Although both the HPLC and current methodology may be automated, 
the HPLC method offers a distinct advantage since only one setup of 
automated equipment is needed. The current methodology requires three 
separate and different automated setups since the procedure for each 
component is different. The HPLC methodology can be used to assay 
other local anesthetic injectable solutions such as prilocaine hydrochlo- 
ride, etidocaine hydrochloride, mepivacaine hydrochloride, and bupi- 
vacaine hydrochloride with little or no change in the mobile phase. 
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Abstract 0 Analytical methodology was developed for the quantitation 
of p-hydroxyphenobarbital extracted from plasma, urine, and hepatic 
microsomes. p-Hydroxyphenobarbital was derivatized with an appro- 
priate n-alkyl iodide in the presence of a methanolic base in aprotic sol- 
vent medium. The peralkylated derivatives were stable indefinitely and 
were quantitated by the sensitive and selective method of GC nitrogen- 
selective detection and/or selected ion monitoring. The accuracy, pre- 
cision, and cross verification of all methods were good. The analysis was 


subsequently used to study the effects of other drugs on phenobarbital 
biodisposition. 


Keyphrases 0 p-Hydroxyphenobarbital-determination by GC and 
GC-mass spectrometry in urine, plasma, and hepatic microsomes 0 
Phenobarbital-quantitation of p-hydroxyphenobarbital by GC and 
GC-mass spectrometry in urine, plasma, and hepatic microsomes 0 
GC-nitrogen-selective detection of p-hydroxyphenobarbital in urine, 
plasma, and hepatic microsomes 


Phenobarbital (I) is commonly used in the treatment of considered to be devoid of antiepileptic activity, its 
epilepsy, and p-hydroxyphenobarbital (11) is its major quantitation is important when studying phenobarbital 
metabolite. Even though p-hydroxyphenobarbital is biodisposition. During a study on the mechanisms of val- 
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Figure 1-Electron-impact mass spectra of propytated reference compounds and internal standards. Key: a, p-hydroryphenobarbital; b, phe- 
nobarbital; c ,  primidone; d, diphenylbarbituric acid; and e, p-methylphenobarbital. 
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Figure 2-Electron-impact spectra of ethylated p-hydroxyphenobarbital (a) and diphenylbarbituric acid b). 


proate-caused elevation of plasma phenobarbital levels, 
it became necessary to quantitate p -hydroxyphenobarbital 
extracted from plasma, urine, and hepatic microsomes. 
The reported procedures for its quantitation lacked sen- 
sitivity or selectivity, and some methods had additional 
drawbacks. For example, countercurrent distribution and 
TLC in conjunction with liquid scintillation (1) are labo- 
rious and require the use of a radioactive tracer. TLC 
methods (2,3) usually require a separate means of detec- 
tion. GC methods using on-column methylation (4) can 
yield incomplete derivatization, and they also accelerate 
column degradation; furthermore, samples are not very 
stable once the alkylating base is added. The high-pres- 
sure liquid chromatographic method ( 5 )  has limited sen- 
sitivity due to a relatively poor extinction coefficient of 


I 
I11 


RETENTION TIME, min 


Figure 3-Gas chromatogram of propylated human urine (hydrolyzed) 
extract using nitrogen-phosphorus flame-ionization detector. Levels 
of  phenobarbital (I), p-hydroxyphenobarbital ( I I ) ,  and primidone (IV) 
were 34.6,40.3, and 31.9 gglml, respectively. Diphenylbarbituric acid 
(V, 25 gglml) and p-methylphenobarbital (III, 50 gglml) were the in- 
ternal standards. 


unionized barbiturates. 
Therefore, a GC nitrogen-selective detection method 


was developed for the determination of p -hydroxyphe- 
nobarbital. The nitrogen-selective detector is commer- 
cially available and is a reasonably priced accessory for the 
gas chromatograph. Its simplicity of operation is similar 
to that of the regular flame-ionization detector, but its 
sensitivity and selectivity are superior. The barbiturates 
were derivatized to optimize their chromatographic sep- 
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Figure 4-Selected ion monitoring (electron-impact mode) tracing of 
propylated human urine (hydrolyzed) extract. For additional details, 
see Fig. 3. 
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Table I-Accuracy and Precision of Determination of Urinary 
p-Hydroxyphenobarbital (11). Phenobarbital ( I ) ,  and Primidone 
(W 


Actual 
11, I 


and IV, Experimental", pg/ml 
wdml I1 I IV 


10.00 10.08 f 0.27 9.12 f 0.28 10.32 f 0.24 
100.00 100.40 f 1.23 101.10 f 1.54 97.60 f 1.72 


Values expressed as mean f SD of four determinations. 


aration and to stabilize them. Derivatization was per- 
formed by modification of a reported alkylation procedure 
for barbiturates (6). 


These analytical methods were satisfactorily employed 
for in uitro animal experiments and in uiuo human studies 
dealing with valproate-phenobarbital interaction (7-9). 


EXPERIMENTAL 


Instrumentation-The gas chromatograph' was equipped with a 
flame-ionization detector and a nitrogen-phosphorus flame-ionization 
detector. The injection port and detector temperatures were 260 and 300", 
respectively. Helium was used as the carrier a t  a flow rate of 30 ml/ 
min. 


The dodecapole mass spectrometer2 was equipped with electron- 
impact and chemical-ionization sources and was coupled to the gas 
chromatograph3 by a glass-lined single-stage jet separator. Data acqui- 
sition and reduction were computer automated4. The temperatures of 
the injection port, transfer line, and ion source were 300,300, and 180°, 
respectively. In the electron-impact mode, helium was used as the carrier 
at a flow rate of 25 ml/min; the operating pressure of the ion source was 
3.7 X torr, and the mass spectrometer was operated with an electron 
energy of 70 ev. In the chemical-ionization mode, methane was used as 
the carrier at a flow rate of 15 ml/min and as a reagent gas. The operating 
pressure of the ion source was 0.4 torr, and an ionizing energy of 250 ev 
was used to produce the reactant ions. 


Materials-All organic solvents5 were used as obtained after their 
purity was checked. Reference compounds (phenobarbital6, primidone6, 


y = 1.01 X +0.30 


p < 0.001 O00 


/ 


Po r = 0.9978 


n = 26 


/o 


I 
50.0 100.0 


I I ,  Mglml (FID) 
Figure 5-Relationship between selected ion monitoring (SIM) ut 
electron-impact mode and GC nitrogen-phosphorus flame-ionization 
detector (FID) methods for quantitation of urinary p-hydroxypheno- 
barbital (11). 


Hewlett-Packard model 5840A. * Hewlett-Packard model 5982A. 
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Burdick & Jackson Laboratories, Muskegon, Mich. 


6 USPC, Rockville, Md. 
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Figure 6-Gas chromatogram of extract from microsomal blank (a) and 
micrasomal phenobarbital reaction mixture containing phenobarbital 
(b) using nitrogen-phosphorus flame-ionization detector. The  reaction 
occurred i n  the presence of 4 m M  phenobarbital, and 0.875 pg of p- 
hydraxyphenobarbital was formed. Diphenylbarbituric acid (0.50 pg) 
was the internnl standard. Peaks VI and VII represent other metabolites 
of phenobarbital. The  microsomal blank was run parallel to the  mi- 
crosomal phenobarbital reaction, but NADPH was added after termi- 
nation of the reaction and no internal standard was added. The  chro- 
matogram of the  blank shows a lack of interferences for p-hydroxy- 
phenobarbital and diphenylbarbituric acid. 


and p-hydr~xyphenobarbital~) and internal standards ( p  -methylphe- 
nobarbita17 and 5,5-diphenylbarbituric acide) were also checked for purity 
before use. Methyl, ethyl, n-propyl, and n-butyl iodidesg and tetraeth- 
ylammonium hydroxide (25% methanolic solutions) were used as ob- 
tained. 


Silanized GC glass columns10 for heated on-column injection were 
packed with commercially available packingsl0. 


Sodium salt of phenobarbital" was used for animal treatment. 
A commercial source of 0-glucuronidase-arylsulfatase and NADPH 


All other chemicals were reagent grade. 
Human Subjects-The subjects were epileptic patients13 who con- 


sented to participate in a clinical study of drug-drug interactions in an- 
tiepileptic therapy. Blood samples were obtained at  7 am, just prior to 
administration of the patients' morning medication (including pheno- 
barbital and/or primidone); 24-hr urine samples were also collected. For 
the clinical study, blood and urine samples were obtained while the 
plasma barbiturate levels were at  steady state. 


Animals-Adult male Holtzman rats1*, -200 g, were injected intra- 


was usedx2. 


Aldrich Chemical Co., Milwaukee, Wis. 
Generous gift from Dr. A. Raines, Department of Pharmacology, School of 


Eastman Chemical Co., Rochester, NY. 


Merck & Co., Rahway, N.J. 


Medicine and Dentistry, Georgetown University, Washington, DC 20007. 


lo Supelco, Bellefonte, Pa. 


'* Boehringer-Mannheim Biochemicals, Indianapolis, Ind. 
l3  Admitted to the Clinical Center, National Institutes of Health. 
l4 Charles River, Wilmington, Mass. 


Journal of Pharmaceutical Sciences I 1221 
Vol. 70, No. 1 7 ,  November 1981 







mlz 194 


mlz 332 


RETENTION TIME, rnin 
1.0 3.0 5.0 7.0 


F 


SPECTRUM NUkIBER 


Figure 7-Selected ion monitoring (electron-impact mode) tracing of 
ethylated extract from microsomal phenobarbital metabolic reaction. 
For additional details, see Fig. 6. 


peritoneally with aqueous Phenobarbital sodium solution (75 mgkg) on 
3 consecutive days. The rats were then sacrificed, and hepatic microsomes 
were prepared as previously described (10). 


Microsomal Reactions-Microsomal reactions were carried out in 
0.1 M potassium phosphate buffer (pH 7.50) in the presence of 1.83 
nmoles of microsomal cytochrome P-450 and various concentrations of 
the substrate, phenobarbital. Following preequilibration of the samples 
a t  37" for 1 min, reaction was initiated with NADPH (final NADPH 
concentration in the reaction mixture was 0.25 mM). The samples were 
incubated at 37" for 8 min in 5 ml of reaction mixture. 


Plasma Extraction-Stock methanolic solutions of reference com- 
pounds and internal standards were kept a t  4 O  and were stable on storage. 
Methanolic solutions of reference compounds (10-200 pl) were added 
to the tubes to be used for standards, and methanolic solutions of internal 
standards were added to all of the tubes. Methanol was evaporated, using 
a rotary evaporator with aspirator vacuum15. Blank plasma or plasma 
from phenobarbital-treated subjects (1 ml) was added to the appropriate 
tubes. Spiked plasma standards were extracted along with the patients' 
samples. 


For the determination of total (free plus conjugated) p-hydroxyphe- 
nobarbital, the samples were hydrolyzed. Free p-hydroxyphenobarbital 
was determined by omitting the hydrolysis. For determination of total 
p-hydroxyphenobarbital, 0.2 ml of 0.5 M sodium acetate buffer (pH 5.00) 
was added, followed by 50 p1 of P-glucuronidase-arylsulfatase, and 
samples were incubated at 37' for 20-24 hr. To hydrolyzed and nonhy- 
drolyzed samples, 1 ml of 1 M monobasic potassium phosphate was 
added; samples were then extracted with 7 ml of ethyl acetate, using a 
reciprocating shaker. Following centrifugation (-2000 rpm), the ethyl 
acetate phase was collected and washed with 2 ml of 0.1 N HCl and 
evaporated to dryness. Hexane was added to the residue, and the samples 
were extracted with 5 ml of acetonitrile. Hexane was used to remove en- 
dogenous lipoidal substances. The acetonitrile phase was collected and 
evaporated to dryness, and the residue was ready for derivatization. 


Urine Extraction-The hydrolysis of urine samples was analogous 


l5 Buchler Instruments, Fort Lee, N.J. 


Y = 1.026 x + 0.016 
r = 0.9946 
p < 0.001 
n = 22 
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Figure 8-Relationship between selected ion monitoring (SIM) (elec- 
tron-impact mode) and GC nitrogen-phosphorus flame-ionization 
detector (FID) methods for quantitation of p-hydroxyphenobarbital 
(II)  formed in microsomal reaction. 


to that of the plasma samples. Hydrolyzed and nonhydrolyzed urine 
samples were extracted in the same manner as the plasma samples. 


Microsome Extraction-Microsoma1 reactions were terminated by 
the addition of 7 ml of cold benzene (or toluene). For consistency, phe- 
nobarbital was added such that its final concentration prior to the ad- 
dition of benzene was always the same. Aqueous and organic phases were 
mixed by hand inversion, samples were centrifuged, and the benzene layer 
was discarded. The samples were then washed again with 7 ml of benzene. 
A double benzene wash was employed to eliminate some of the large ex- 
cess of phenobarbital, which would otherwise swamp the peak corre- 
sponding to  the relatively small amounts of generated p-hydroxyphe- 
nobarbital. p-Hydroxyphenobarbital was not extractable into benzene 
under these conditions. Following the benzene washes, diphenylharbituric 
acid (the internal standard) was added, and the samples were extracted 
with 7 ml of ethyl acetate; the ethyl acetate phase was collected and 
evaporated to dryness. 


Derivatization Reactions-The derivatization reaction was essen- 
tially the same for the extracts from plasma, urine, and microsomes. The 
main difference was in the choice of the n-alkyl iodide; the selection of 
alkyl iodide was made to optimize chromatographic separations. Ethyl 
iodide was selected for derivatization of plasma and microsomal extracts, 
whereas n-propyl iodide was used for urinary extracts. To the residue 
from the extract were added 200 pl of acetonitrile and 50 pl of methanolic 
(25%) tetraethylammonium hydroxide, and the sample was mixed well. 
The appropriate n-alkyl iodide (25 pl) was added, and the sample was 
mixed again and placed in a water bath at 60' for 60 min, the optimum 
conditions for all derivatizations. 


At the end of this time, 7 ml of chloroform was added, and the sample 
was washed sequentially with 2 ml of 0.1 N HC1, 0.1 N NaOH, and 
deionized water. The washed chloroform phase was evaporated to dry- 
ness, and the residue was dissolved in methanol or isoamyl acetate for 
analysis. Derivatized samples were stable at 4 O  or at room temperature 
for a t  least 2 months. 


The major modification of the reported derivatization procedure for 
barbiturates (6) was the use of a different aprotic solvent. Acetonitrile 
was selected instead of N,N- dimethylacetamide because the former is 
more easily removed by evaporation. It has also been shown (11) that 
acetone serves equally as well as N,N- dimethylacetamide in alkylation 
of the phenolic group; but because higher temperatures were required 
for propylation of p-hydroxyphenobarbital, the low boiling point of ac- 
etone precluded its use. It was confirmed that acetonitrile or 2-butanone 
serves equally as well as N,N-dimethylacetamide in the derivatization 
of p-hydroxyphenobarbital or other barbiturates, and all three were 
superior to  a protic solvent such as methanol. 


Analysis-The samples were analyzed on a gas chromatograph 
equipped with a nitrogen-phosphorus flame-ionization detector (urine 
and microsomes) or a gas chromatograph-mass spectrometer-computer 
system (plasma). Quantitation was done using peak heights (urine and 
microsomes) or selected ion monitoring using peak areas (plasma). 


Cross-verification of the analytical methods was carried out on the gas 
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Figure 9-Selected ion monitoring (electron-impact mode) tracing of 
ethylated human plasma (nonhydrolyzed) extract. The p-hydroxy- 
phenobarbital level was 0.29 pg/ml. Diphenylbarbituric acid (0.50 
pglml) was the internal standard. 


chromatograph-mass spectrometer-computer system. Quantitation was 
done by selected ion monitoring, using peak areas expressed as percent 
relative to internal standard. The selected ion monitoring technique was 
used to optimize sensitivity and specificity. 


All samples, including the standards, were always injected in random 
order; some samples were injected in duplicate. Reproducibility between 
duplicate injections was always >95%. Random samples were analyzed 
in duplicate on the same day and on different days, and reproducibility 
was also >95%. 


Urine Analysis-The gas chromatograph was equipped with a glass 
column (1.8 m X 2 mm i.d.) packed with 3% SE-30 on 100-120-mesh Gas 
Chrom Q. Oven temperature was maintained at  205' for 6 min, followed 
by temperature programming at lO"/min to 250'. Analysis of urinary 
p-hydroxyphenobarbital also allowed simultaneous quantitation of 
phenobarbital and primidone. p-Methylphenobarbital(II1) was the in- 
ternal standard for phenobarbital and primidone (IV); diphenylbarbituric 
acid (V) was the internal standard for p-hydroxyphenobarbital. 


For verification of the analytical method, the gas chromatograph-mass 
spectrometer-computer system, operated in the electron-impact mode, 
was equipped with a glass column (0.9 m X 2 mm i.d.) packed with 3% SP 
2250 DA on 100-120-mesh Supelcoport. Oven temperature was main- 
tained at  200' for 4 min and then was programmed a t  32"/min to 250'. 
The ions of m/z 374,288,273,194, and 302 were monitored for propylated 
p-hydroxyphenobarbital (Fig. l a ) ,  phenobarbital (Fig. l b ) ,  primidone 
(Fig. lc), diphenylbarbituric acid (Fig. Id),  and p-methylphenobarbital 
(Fig. le) ,  respectively. 


Microsome Analysis-The gas chromatograph was equipped with a 
glass column (1.8 m X 2 mm id.)  packed with 2% OV3 on 100-120-mesh 
Supelcoport, and the analysis was done isothermally a t  210'. Of the 
several packings tested, this one gave the most satisfying resolution for 
the peaks of interest. Diphenylbarbituric acid was the internal stan- 
dard. 


The gas chromatograph-mass spectrometer-computer system used 
for verification of the analytical method was operated in the electron- 
impact mode and was fitted with a glass column (0.9 m X 2 mm i.d.) 
packed with 3% SP 2250 DA on 100-120-mesh Supelcoport. The analysis 
was done isothermally a t  190". The ions of m/z 332 and 194 were moni- 
tored for p-hydroxyphenobarbital (Fig. Pa) and diphenylbarbituric acid 
(Fig. 2b), respectively. 


Plasma Analysis-The gas chromatograph-mass spectrometer- 
computer system, operated in the electron-impact mode, was equipped 
with a glass column (0.9 m X 2 mm i.d.) packed with 3% SP 2250 DA on 
100-120-mesh Supelcoport, and the analysis was done isothermally at  
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Figure 10-Selected ion monitoring (chemical-ionization mode) tracing 
of ethylated human plasma (nonhydrolyzed) extract. For additional 
details, see Fig. 9. 


200". Diphenylbarbituric acid was the internal standard. The ions of m/z 
303 and 194 were monitored for p-hydroxyphenobarbital and diphen- 
ylbarbituric acid, respectively. 


The analytical method was verified by a gas chromatograph-mass 
spectrometer-computer system operated in the chemical-ionization 
mode, using a glass column (1.2 m X 2 mm i.d.) packed with 3% OV-1 on 
Gas Chrom Q. The analysis was done isothermally a t  220". The ions of 
m/z 333 and 337 were monitored for p-hydroxyphenobarbital and di- 
phenylbarbituric acid, respectively. The monitored ions corresponded 
to the quasimolecular ions for the two compounds, and they both were 
the base peak as well. 


RESULTS AND DISCUSSION 


Urine-The capability of monitoring urinary phenobarbital and 
primidone along with p-hydroxyphenobarbital by this method is con- 
venient because phenobarbital is a major metabolite of primidone, a 
closely related antiepileptic agent. Thus, if primidone is administered, 
its urinary output can be quantitated at  the same time as its primary and 
secondary metabolites, phenobarbital and p-hydroxyphenobarbital, 
respectively. A gas chromatogram (Fig. 3) and selected ion monitoring 
tracing (Fig. 4) of urinary n-hydroxyphenobarbital, phenobarbital, and 
primidone are illustrated. Standard curves were set up for all three bar- 
biturates, and the concentrations selected for all three ranged from 10 
to 100 pg/ml. This range bracketed the range of experimental values for 
all three barbiturates. 


Representative standard curves obtained from the GC nitrogen- 
phosphorus flame-ionization detector data exhibited the following linear 
least-squares regression equations and correlation coefficients ( r2 ) :  y = 
0.0204~ + 0.006 and r2 = 0.9996 for p-hydroxyphenobarbitak y = 0.0313~ + 0.072 and r2 = 0.9995 for phenobarbital; and y = 0.0167~ + 0.004 and 
r 2  = 0.9965 for primidone. Furthermore, the accuracy and precision of 
the method were evaluated by quadruplicate analyses of spiked samples; 
the results (Table I) demonstrated good accuracy and precision. 


There was a good correlation between the GC nitrogen-phosphorus 
flame-ionization detector and selected ion monitoring methods for 
quantitation of urinary p-hydroxyphenobarbital (Fig. 5). A similar cor- 
relation was also obtained for the quantitation of phenobarbital and 
primidone in the urine. The 24-hr urinary output of phenobarbital, free 
p-hydroxyphenobarbital, and total (free plus conjugated) p-hydroxy- 
phenobarbital from a patient on a therapeutic regimen of phenobarbital 
alone (180 mg/day) was 33.0 f 4.9 pg/ml, 27.3 f 2.7 mg, and 60.9 f 4.1 
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mg, respectively (mean f SD of five determinations). The urinary output 
of phenobarbital is reported in concentration units rather than in absolute 
amount of excreted phenobarbital because the amount of urinary phe- 
nobarbital is dependent on urinary volume, which is not the case for free 
or conjugated p -hydroxyphenobarbital. 


Microsomes-A gas chromatogram (Fig. 66) and selected ion moni- 
toring tracing (Fig. 7) of p-hydroxyphenobarbital generated in the mi- 
crosomal reaction are illustrated. A representative standard curve ob- 
tained from the GC nitrogen-phosphorus flame-ionization detector data 
was described by the linear least-squares regression equation as y = 3.34~ 
+ 0.005, r2 = 0.9993. The standards ranged from 0.10 to 1.00 pg of p- 
hydroxyphenobarbital and bracketed the range of experimental values. 
The accuracy and precision of the method were measured by quadru- 
plicate analyses of spiked samples. The results were 0.098 f 0.001 and 
1.04 f 0.03 pg of p-hydroxyphenobarbital for samples spiked with 0.10 
and 1.00 pg of p-hydroxyphenobarbit, respectively (mean f SD of four 
determinations). 


There was good correlation between the GC nitrogen-phosphorus 
flame-ionization detector and selected ion monitoring methods for 
quantitation of p-hydroxyphenobarbital in the microsomal phenobarbital 
metabolic reaction (Fig. 8). In the microsomal oxidative metabolism of 
phenobarbital, two metabolites in addition to p-hydroxyphenobarbital 
were detected (peaks VI and VII in Figs. 66 and 7). Compound VI was 
subsequently shown to correspond to m-hydroxyphenobarbital on the 
basis of the same retention times as those of the synthetic reference 
compound16 in several chromatographic systems. Furthermore, ratios 
for the relative abundance of several ions for this metabolite were virtually 
identical to those of the reference compound, as determined by the gas 
chromatograph- mass spectrometer-computer system. Compound VII, 
however, could possibly be the ortho analog on the basis of some limited 
electron-impact mass spectrometric data. However, a complete mass 
spectrometric analysis was not performed, and the reference standard 
was not available. Thus, the identity of VII remains speculative. The 
values for K ,  and V,,,, the kinetic parameters for p-hydroxylation of 
phenobarbital, were determined to be 1.16 mM and 0.325 nmole of p -  
hydroxyphenobarbital formed min-I nmole-’ of P-450, respectively. 


Plasma-Occasional interferences were encountered in the analysis 
of plasma p-hydroxyphenobarbital by the GC nitrogen-phosphorus 
flame-ionization detector method. Since it proved difficult to eliminate 
them satisfactorily with column packing phases of different polarities, 
a more specific selected ion monitoring method was developed. Selected 
ion monitoring tracings in the electron-impact mode (Fig. 9) and chemical 
ionization mode (Fig. 10) for the analysis of plasma p-hydroxypheno- 
barbital are illustrated. A representative standard curve obtained from 
the selected ion monitoring (electron-impact) data was described by the 
linear least-squares equation as y = 49.68~ + 0.017, r2 = 0.9978. The 


Generous gift from Dr. K. H. Dudley, Department of Pharmacology, School 
of Medicine, University of North Carolina, Chapel Hill, N.C. 


standards ranged from 0.25 to 1.50 pg/ml of p-hydroxyphenobarbit and 
bracketed the range of experimental values. The accuracy and precision 
of the method were evaluated by quadruplicate analyses of spiked sam- 
ples. The results were 0.268 f 0.014 and 1.05 & 0.03 pg/ml of p-hydrox- 
yphenobarbital for samples spiked with 0.250 and 1.00 pg/ml of p-hy- 
droxyphenobarbital, respectively. 


There was good correlation between the electron-impact and chemi- 
cal-ionization modes of the selected ion monitoring method. For example, 
quadruplicate analyses of a plasma sample yielded mean (fSD) levels 
of 0.344 f 0.008 and 0.338 f 0.014 pg/ml of p-hydroxyphenobarbital in 
the electron-impact and chemical-ionization modes, respectively. Plasma 
levels of free p -hydroxyphenobarbital and total (free plus conjugated) 
p-hydroxyphenobarbital in a patient maintained OR a therapeutic regi- 
men of phenobarbital alone (180 mg/day) were 0.516 f 0.022 and 0.763 
f 0.057 pg/ml, respectively (mean f SD of four determinations). 
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Combined High-Performance Liquid Chromatographic 
Procedure for Measuring 4-Hydroxypropranolol and 
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Abstract  0 An assay is described for the simultaneous determination 
of propranolol and its active metabolite, 4-hydroxypropranolol, in human 
plasma. 130th compounds were separated from an ethereal extract by 
high-performance liquid chromatography employing a CIS bonded-phase 
column. Detection of the effluent was by fluorescence. Suitable fluo- 
rescent spectrometers and wavelength settings that allow optimum de- 
tection of both compounds have been described. The limit of sensitivity 
was 2 ng/ml for both propranolol and 4-hydroxypropranolol. Mean peak 
plasma levels of propranolol and 4-hydroxypropranolol in six patients 
receiving a single dose of a slow-release 160-mg formulation of propranolol 
were 28 and 6 ng/ml, respectively. These levels were about one-tenth the 
level obtained following a single conventionally prepared dose of pro- 
pranolol (160 mg). Peak levels were delayed and plasma levels of pro- 
pranolol persisted for a longer period with the slow-release formulation. 
Area under the curve estimates suggested that the bioavailability of the 
slow-release formulation following single-dose administration was about 
one-third that of the conventional preparation. 


Keyphrases High-performance liquid chromatography-simulta- 
neous assay of propranolol and 4-hydroxypropranolol, conventional and 
slow-release formulations compared Propranolol-high-performance 
liquid chromatographic assay with 4-hydroxypropranolol, conventional 
and slow-release formulations compared Pharmacokinetics-pro- 
pranolol, conventional and slow-release formulations compared 0 Bio- 
availability-propranolol, conventional and slow-release formulations 
compared 


4-Hydroxypropranolol is formed by hepatic microsomal 
enzymes (1) following oral administration of propranolol 
(2). This active metabolite possesses 0-adrenoceptor 
blocking activity (2-4). To date, GLC and high-perfor- 
mance liquid chromatographic (HPLC) methods involving 
the simultaneous detection of both 4-hydroxypropranolol 
and propranolol (5-12) have not been satisfactory. Sample 
preparation has not been uniform, and the selection of 
suitable fluorometric detection systems and the conditions 
for chromatography have varied considerably. 


The present method provides a sensitive HPLC assay 
for the simultaneous measurement of propranolol and its 
active metabolite. Preliminary pharmacokinetic studies 
on the administration of conventional and slow-release oral 
propranolol formulations were conducted. 


EXPERIMENTAL 


Materials-4-Hydroxypr~pranolol~, propranolol hydrochloride2, 
labetalol hydrochlorideg, ether4, sodium rnetabi~ulfi te~, sodium car- 
bonate5, and monobasic potassium phosphate" were used. 


I Courtesy of Dr. C. Proctor, ICI Pty. Ltd. 
*Sigma Chemical Co.,  St. Louis, MO. 


Gift from Glaxo Australia Pty. Ltd. 
May & Baker, Dagenham, England. 
Merck, Darnstadt, West Germany. 
Ajax Chemicals, Sydney, Australia. 


Apparatus-A constant-flow high-performance liquid chromato- 
graph7 was equipped with a universal injectofl, a fluororneterg, and a 
spectrofluorometerlO. The stainless steel 30-cm long X 3.9-mm i.d. column 
was obtained prepacked". 


Chromatography-The mobile phase consisted of 50% methanol12 
in 10 mM monobasic potassium phosphate buffer adjusted to pH 3.4 with 
5 M HCl. It was pumped at a flow rate of 1.5 ml/min (1500 psi). 


The retention volumes for 4-hydroxypropranolol, labetalol, and pro- 
pranolol were 6.0,7.2, and 9.0 ml, respectively. 


The column eluate was monitored on a fluorometer set at excitation13 
and emission" wavelengths of 310 and 380 nm, respectively, which were 
optimal for 4-hydroxypropranolol fluorescence. When a spectrofluo- 
rometer was used, the wavelengths were set to be optimal for propranolol, 
a t  295 and 360 nm, respectively. The bandpass was 20 nm. When pro- 
pranolol levels were >10 ng/ml, a second fluorometer using excitation 
and emission wavelengths of 31013 and 33415 nm, respectively, occa- 
sionally was substituted for the spectrofluorometer. 


Sensitivity settings on the fluorometer usually were maintained on high 
gain and lamp power settings; attenuations varied from X2 to X5 while 
the spectrofluorometer sensitivity range (0.3-1.0 p A )  gave a full-scale 
deflection. 


Standards-Fresh solutions of propranolol and the internal standard, 
labetalol, were prepared weekly as aqueous solutions a t  concentrations 
of 1 and 4 pg/ml, respectively. Solutions of 4-hydroxypropranolol were 
prepared daily in water containing 1 mM HCl and 2% (w/v) sodium me- 
tabisulfite. For preparation of plasma standards, drug-free plasma was 
spiked with known amounts of aqueous stock solutions of both 4-hy- 
droxypropranolol and propranolol in the 0-2000-ng/ml of plasma con- 
centration range. 


Controls-Control heparinized plasma containing 60 ng of 4-hy- 
droxypropranolol/ml and 100 ng of propranolol/ml was prepared and 
stored until use in 1-ml aliquots a t  -20'. 


Procedure-Labetalol (400 ng, 100 pl) was added to chromium 
trioxide-washed glass tubes containing 1 ml of unknown plasma, plasma 
standards, or control plasma. T o  each tube, 100 pl of freshly prepared 
sodium metabisulfite (2070 w/v), 1 ml of sodium carbonate (1 M, pH 10.2), 
and 8 ml of ether then were added in turn. The tubes were stoppered, 
gently shaken for 10 min on a reciprocating automatic shaker16, and 
centrifuged at 2000 rpm for 10 min. The ether phase was transferred to 
a fresh tube and evaporated to dryness under a gentle nitrogen stream 
in a water bath kept a t  ambient temperature. The residue was reconsti- 
tuted with 100 p1 of chromatography mobile phase, transferred to a mi- 
crofuge tubeI7, and centrifugedls for 4 min. An aliquot of the supernate 
(50 pl) then was injected into the liquid chromatograph. 


Quantitation-Calibration curves were constructed for both 4-hy- 
droxypropranolol and propranolol by calculating the peak height ratios 
of both components to the peak height of labetalol and plotting these 
ratios against the amount of standard added to  each tube. For routine 


M6000A, Waters Associates, Sydney, Australia. 
U6K, Waters Associates. 
Fluorichrom, Varian Pty. Ltd. 


lo Farrand 0 tical Co.. Valhalla, N.Y. 
I1 CtBondapaf: CIS, Waters Associatm. 


Liquid Chromatography grade, Waters Associates. 
l3 Filter 310 I, Varian Pty. Ltd. 
I' Filters 3.75 and 4.76, Varian Pty. Ltd. 


Filter 334 I, Varian Pty. Ltd. 
I6 Paton Industries, South Australia, Australia. :: p n d o r f .  Hamburg, West Germany. 


ettich, Tuttlingen, West Germany. 
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Table I-Assay Parameters for Measurement of 4- 
HvdroxvDroDranolol and ProDranolol from Plasma 


4-Hydroxy- 
Parameter propranolol Propranolol 


Detection limit, ng 2 2 
Recovery, % 
ReDroducibilitv 6 ( n  = 5) 7 ( n  = 5) 


75 f 4 ( n  = 20) 68 f 3 ( n  = 23) 


within-day, % 


day-to-day, 90 
Reproducibility 21 ( n  = 27) 12 ( n  = 19) 


assays, the peak height ratios of drug to the internal standard obtained 
from a plasma standard containing 50 ng of 4-hydroxypropranolol/ml, 
100 ng of propranolol/ml, and 400 ng of labetalol/ml were used to calculate 
the concentrations of propranolol and 4-hydroxypropranolol in unknown 
plasma. An aliquot of control plasma was included in each batch to ensure 
day-to-day reproducibility. 


Clinical Study-Six healthy volunteers, mean age of 21.8 f 0.2 years 
and weight of 62 f 4 kg, participated in the double-blind crossover study. 
After an overnight fast, each subject was given a single oral dose of pro- 
pranolol. Three subjects were given a conventional 160-mg formulation, 
and the other three were given a slow-release 160-mg formulation. Venous 
blood samples (10 ml) were taken prior to drug administration and then 
at0.33,0.66,1.0,1.5,2.0,2.5,3.0,4.0,5.0,6.0,8.0,12,and24hr.Oneweek 
later, the same volunteers were given the other formulation of propranolol 
(160 mg of conventional or slow-release formulation) and a similar set 
of blood samples were taken. 


Pharmacokinetic Analysis-Area under the concentration-time 
curves were calculated by the trapezoidal method and extrapolated to 
infinity by dividing the final concentration point (24 hr) by the slope of 
the terminal phase. 


RESULTS AND DISCUSSION 


Both propranolol and 4-hydroxypropranolol exhibit natural fluores- 
cence, allowing their separation by liquid chromatography and detection 
with a fluorescence detector. The excitation wavelengths (205 or 295 nm) 
are the same for both compounds, but the fluorescence emission spectra 
of propranolol and 4-hydroxypropranolol differ in that the wavelength 
maximum for emission in aqueous solution are 360 and 435 nm, respec- 
tively. Thus, there is a need for compromise in setting the wavelength 


d P 


d 


L 


0 4 8  0 4 8  0 4 8  
MINUTES 


Figure 1-High performance liquid chromatographs for: (A) a blank 
plasma extract, (B) an aqueous injection of 50-ng amounts of 4-hy- 
droxypropranolol, propranolol, and (C) an extract of a patient plasma 
sample after receiving a single oral dose of conventional propranolol 
(propranolol level = 229 ng/ml; 4-hydroxypropranolol level = 47 nglmt). 
Key: a, injection site; b, 4-hydroxypropranolol; c, labetalol; and d ,  
propranolol. 


Table 11-Stability of 4-Hydroxypropranolol and Propranolol in 
Serum when Stored Frozen at -20" 


Weeks of 4-Hydroxypropranolol, Propranolol, 
Storage ng/ml ng/ml 


1 66 88 
2 59 79 
3 61 94 
4 60 91 
5 64 90 
9 62 90 


( n  = 21) 


of the detector to balance the loss of sensitivity for propranolol when the 
wavelength chosen is maximal for its metabolite. 


Previous assay methods partially overcame this problem by using 
deuterium light sources, setting the excitation wavelength at  205 nm (5), 
and introducing a 340-nm cutoff filter for emission. Other assays (7,9) 
using inefficient fluorometers suffered from inadequate sensitivity. Some 
investigators (8,ll) overcame the sensitivity problem by measuring each 
compound separately. This time-consuming process required injecting 
each extract twice, once at  the chosen wavelengths for 4-hydroxy- 
propranolol and then with the detector set a t  wavelengths optimal for 
propranolol. A recent study (12) avoided multiple injections; but to detect 
the 4-hydroxypropranolol and propranolol peaks, it was necessary to 
change the emission wavelength manually during each chromatographic 
run. This procedure is not suited for processing more than a few samples 
and does not lend itself to automatic injection techniques. 


The present assay allows simultaneous detection of both compounds 
using an inexpensive tungsten light source. A filter fluorometer with an 
interference filter for the excitation light (310 nm) was used in conjunc- 
tion with a combination of cutoff filters for emission, thus allowing light 
with a wavelength of >380 nm to be transmitted. This filter combination 
was optimal for 4-hydroxypropranolol fluorescence but still allowed 
satisfactory measurement of propranolol. The detection limit for 4- 
hydroxypropranolol was 2 ng/ml of plasma; for propranolol, it was 20 
nglml (Table I). At these concentrations, peaks three times the baseline 
noise were obtained. 


When more sensitive conditions were required for propranolol, a 
spectrofluorometer was connected in series with the fluorometer and set 
a t  wavelengths optimal for propranolol(295 nm/360 nm). Under these 


Mean (SD)  62 f 3 90 f 3 
( n  = 19) 


A 


0 2 4  6 8 1 0 1 2  24 
HOURS POSTDOSE 


Figure 2-Semilogarithmic plot of the mean plasma 4-hydroxy- 
propranolol and propranolol levels versus time following single oral 
doses of a conventional propranolol formulation (160 mg) and a slow- 
release preparation (160 mg). Key: 0-0, propranolol (conuentionnl); 
0--- 0,  propranolol (slow release); A-A, 4-hydroxypropranolol (con- 
ventional); and A--- A, 4-hydroxypropranolol (slow release). 
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conditions, the detection limit for propranolol was 2 ng/ml of plasma. 
4-Hydroxypropranolol was not detected in the latter system due to the 
relatively narrow bandpass (20 nm) on the spectrofluorometer and the 
higher emission wavelengths for this compound. 


If a spectrofluorometer is not available, a second fluorometer can be 
set a t  310 nm/334 nm with interference filters; a sensitivity of 10 ng/ml 
for propranolol is obtained. 


Methanol-10 mM phosphate buffer, pH 3.4 (5050), was used as the 
mobile phase for reversed-phase chromatography on this bonded column 
and gave excellent resolution between 4-hydroxypropranolol, labetalol, 
and propranolol with retention volumes of 6.0,7.2, and 9.0 ml, respec- 
tively. This separation was more reproducible than that reported with 
other published mobile phases, e.g., acetic acid (7-10,13) or phosphoric 
acid (6, 12,14), and less harmful to the column than heptane-sulfonic 
acid (8). 


Conjugation as the glucuronidate or sulfate is a major route of elimi- 
nation of both propranolol and 4-hydroxypropranolol(l5). Although the 
present assay method was designed primarily to measure the biologically 
active unconjugated drug, modification of the procedure utilizing an 
enzyme-catalyzed hydrolysis step prior to extraction with ether allows 
measurement of total propranolol and 4-hydroxypropranolol. This pro- 
cedure has been well characterized (9,12). 


Figures 1A and 1B show liquid chromatograms for a blank plasma 
extract and an aqueous injection of 50-ng amounts of each compound. 
Figure 1C represents a patient plasma extract with 4-hydroxypropranolol 
and propranolol levels of 47 and 229 ng/ml, respectively. The upper 
tracing in each case represents the tracing for propranolol obtained on 
the spectrofluorometer. No other peaks interfered with the peaks for 
propranolol and 4-hydroxypropranolol. However, prazosin and quinidine 
interfered with the peaks for the internal standard. In the presence of 
either drug, 4-methylpropranolol is a suitable alternative internal stan- 
dard (6). 


Calibration curves were constructed by spiking drug-free plasma with 
aqueous solutions in the concentration range of 0-100 ng/ml for 4-hy- 
droxypropranolol and of 0-2000 ng/ml for propranolol. The peak heights 
of both drugs were divided by the peak height for labetalol (internal 
standard) and plotted against concentration. Both drugs exhibited linear 
calibration curves with intercepts through the origin. 


Reproducibility for both drugs was evaluated by performing replicate 
assays of the control plasma containing both drugs. Within-day variability 
was 6 and 7% for 4-hydroxypropranolol and propranolol, respectively. 
When the same control plasma was assayed over 5 weeks, values of 21 and 
12% were obtained (Table I). The stability of 4-hydroxypropranolol was 
cited as a major problem (5,8), so although sodium metabisulfite was 
added as a stabilizer to the plasma prior to extracting, i t  was feared that 
the plasma stored frozen without stabilizer might deteriorate with time. 
When control plasma was assayed at  weekly intervals over 9 weeks, no 
deterioration was evident (Table 11). This result was confirmed by Ta- 
buret et al. (81, who found that the metabolite was stable for at least 4 
weeks at -2OO. 


No data have been published on plasma level profiles of both uncon- 
jugated propranolol and 4-hydroxypropranolol following oral adminis- 
tration of a slow-release propranolol formulation. The mean ( fSEM) 
plasma concentrations of these two compounds were compared in six 
volunteers receiving, on separate occasions 1 week apart, a single oral 
160-mg dose of propranolol in a conventional formulation and a 160-mg 
slow-release preparation (Fig. 2). Peak levels of propranolol after the 
conventional formulation were 236 f 38 ng/ml at 60 min, consistent with 
previous reports (7,16). Peak levels for the slow-release preparations were 
considerably lower and delayed (28 f 8 nglml, obtained 5 hr post- 
dose). 


The slow-release formulation was not associated with an increased rate 
of formation of the active metabolite 4-hydroxypropranolol. In fact, in 
all patients, peak levels (conventional, 51 f 17 ng/ml; slow release, 6 f 
1 ng/ml) and area under the curve values (AUC) (conventional, 218 f 
17 ng hr/ml; slow release, 141 f 32 ng hr/ml) for the 4-hydroxy metabolite 
were considerably less following single doses of the slow-release formu- 
lation. The persistence of propranolol in plasma for >24 hr with the 
slow-release formulation suggests that drug accumulation may occur with 
chronic daily therapy and that attainment of steady state may require 
several days of treatment. Calculation of the bioavailability for the 
slow-release preparation by extrapolation of the 24-hr data is likely to 
overestimate the A UC. Nevertheless, bioavailability of the slow-release 
preparation was poor; corresponding propranolol AUC estimations 
suggest that the bioavailability of single doses of the slow-release for- 
mulation was a t  least 2.9 times lower than that of the conventional 
preparation. The association of low propranolol levels and low levels of 
the 4-hydroxy metabolites is consistent with the suggestion that high 
4-hydroxypropranolol levels are formed only in the presence of high 
concentrations of the parent drug in the liver (17). 
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Abstract Interactions of phenolic compounds 4-hexylresorcinol and 
3,4-dimethylphenol with esters were studied using hexane-ester cosolvent 
systems by both phase solubility and partitioning methods. The data 
obtained by the phase solubility method were variable and could not be 
analyzed by any mathematical model. The data obtained by the parti- 
tioning method, however, strongly suggest that 4-hexylresorcinol forms 
1:l and 1:2 complexes with the esters in hexane, while 3,4-dimethylphenol 
forms only 1:l complexes with the same esters. 


Keyphrases Phenolic compounds-interaction with esters using 
hexane-ester cosolvent systems, phase solubility and partitioning 
methods Phase solubility-interaction of phenolic compounds with 
esters 4-Hexylresorcinol-formation of 1:l and 1:2 complexes with 
esters in hexane 0 3,4-Dimethylphenol-formation of 1:l complexes with 
esters 


Partitioning Study-Two hundred milligrams of the phenol was 
dissolved in 1 liter of phosphate buffer (0.1 M, pH 7.51, and exactly 5 ml 
of the aqueous solution was pipetted into a 15-ml test tube with a stopper. 
Exact volumes (between 2 and 5 ml) of the solutions containing 1.5-30 
X 10-2 M of the esters in hexane were added to the test tubes, which then 
were shaken for 10 min. After the test tubes were centrifuged, the aqueous 
layer was taken and the absorbance of the solution was determined 
spectrophotometrically without dilution at  277.5 nm. The partition 
coefficients (PC) were calculated from the change in UV absorbance at  
277.5 nm in the aqueous layer before and after the partition: 


(Eq. 1) 


where A0 - A is the absorbance change in the aqueous layer and A is the 
absorbance in the aqueous layer. 


(volume of aqueous layer)(Ao - A) 
(volume of organic layer)(A) 


PC = 


In a previous investigation (l), the permeability coeffi- 
cient of 4-hexylresorcinol through an ethylene-vinyl ace- 
tate copolymer membrane varied in a nonlinear fashion 
as a function of the vinyl acetate content of the copolymers. 
In the same study, the partition coefficient of the drug in 
the membrane varied nonlinearly as a function of the vinyl 
acetate content. The results were rationalized on the basis 
that the dihydroxy compound forms 1:l and 1:2 complexes 
with the vinyl acetate portion of the copolymers. 


A study was undertaken to determine the solubility 
behavior of 4-hexylresorcinol in hexane-ethyl acetate co- 
solvent systems; hexane and ethyl acetate represent the 
polyethylene and the vinyl acetate portions of the co- 
polymer, respectively. Additional data in other cosolvent 
systems, hexane-ethyl myristate and hexane-ethyl piva- 
late, also were studied. To obtain further insight on the 
mechanism of interaction of 4-hexylresorcinol in the de- 
scribed cosolvent systems, the solubility of a monohydroxy 
compound, 3,4-dimethylphenol, also was studied. 


EXPERIMENTAL 


Materials-4-Hexylresorcinol1 and 3,4-dimethylphen~l~ were crys- 
tallized from hot benzene. Ethyl myristate, ethyl acetate, and ethyl pi- 
valate, reagent grades, were purified by distillation. 


Phase Solubility Study-To each 1.0 g of the phenols placed in re- 
spective 10-ml volumetric flasks, a 10-ml solution containing 1.5-30 X 


M of the esters in hexane was added. The flasks were shaken for 48 
hr in a water bath shaker at 25'. The solutions were centrifuged, exactly 
1 ml of supernate was pipetted into a volumetric flask, and the volume 
was completed to the mark with hexane. Further dilutions were carried 
out when necessary to obtain an absorbance range within the Beer's law 
region. The absorbance of the solutions was determined spectrophoto- 
metrically3 at  277.5 nm. The solubilities of the phenols were calculated 
using a standard curve constructed for them in hexane. This procedure 
was previously reported (2). 


Curtin-Matheson Scientific, Cincinnati, Ohio. 
Aldrich Chemical Co., Milwaukee, Wis. 
Cary 118, Varian Associates, Palo Alto, Calif. 


RESULTS AND DISCUSSION 


Tables I, 11, and I11 show the total solubility of 4-hexylresorcinol as a 
function of the ethyl acetate, ethyl myristate, and ethyl pivalate con- 
centrations in hexane, respectively. Figure 1 shows the solubility diagrams 
of the drug in the three cosolvent systems and demonstrates that the 
solubility increased in a nonlinear fashion as a function of the added esters 
and that the solubility behavior was different in the three cosolvent 
systems. 


To characterize these systems mathematically, it was first assumed 
that 4-hexylresorcinol forms 1:l and 1:2 complexes with esters according 


Table I-Solubility of 4-Hexylresorcinol in Ethyl Acetate- 
Hexane 


Concentration of Total Solubility 
Total Ethyl Acetate of 4-Hexylresorcinol, 
in Hexane, X lo2 M x 1 0 3 ~  


0 
2.27 
4.54 
6.80 
9.08 


11.4 
22.7 
34.1 
45.4 


4.5 
4.5 


5.7 
4.9 
5.2 


- 


410 
779 
820 


Table 11-Solubility of 4-Hexylresorcinol in Ethyl Myristate- 
Hexane 


Concentration of Total Solubility 
Total Ethyl Acetate of 4-Hexylresorcinol, 
in Hexane, X lo2 M x 103 M 


~~ 


0 
0.61 
1.22 
1.84 
2.45 
3.01 
6.14 
9.21 


12.28 
30.7 


4.5 
5.7 
6.5 
7.7 
6.9 


12.3 
40.2 
48.7 
82.8 


362 
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Table 111-Solubility of 4-Hexylresoreinol in Ethyl Pivalate- 
Hexane 


Concentration of Total Solubility 
Total Ethyl Pivalate of 4-Hexylresorcinol, 
in Hexane, X lo2 M x 103 M 


1.53 
3.06 
4.59 
6.12 
7.1 


15.3 
23.0 
30.6 


4.7 
4.7 
5.2 
5.2 
6.3 


153 


291 
- 


to Eqs. 2 and 3 (3,4): 


where [Hh],  [&I, [HR - El, and [HR - Ez] represent the concentrations 
of free 4-hexylresorcinol, free ester, the 1:l complex, and the 1:2 complex, 
respectively. 


The total concentration of 4-hexylresorcinol, [HRT], and the total 
concentration of the ester, [ET], can be written according to: 


Elimination of [ E o ] ~  from Eq. 7 by using Eq. 6 gives: 
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Figure 1-Plot of the total solubility of 4-hexylresorinol, [HRT], as a 
function of the total ester concentration [ & - I ,  i n  hexane at 25'. Key: 
D, ethyl acetate; 0,  ethyl myristate; and A, ethyl piualate. 
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Figure %-Plot of the total solubility of 3,4-dimethylphenol as a func- 
tion of the total ester concentration, LET], in herane at 25'. Key: ., 
ethyl acetate; 0,  ethyl myristate; and A, ethyl piualate. 


Bringing [ H h ]  to the left side of Eq. 9 and dividing both sides of Eq. 9 
by [ET] - ~ ( [ H R T ]  - [HRo]) gives: 


[HRTI - [HRol = Ki:i[HRol 
[ET] - ~([HRTI - [HRol) 1 - Ki:i[HRol 


A plot of the left-hand side of Eq. 10 uersus [ET] -~([HRT] - [HRo]) 
should give a straight line with a positive intercept. However, the phase 
solubility data plotted according to Eq. 10 gave a negative intercept value, 
and the concentration of the free ester, [&I, calculated from Eq. 8 also 
gave a negative value. This result was evident from the data in Tables 
1-111 where at  30 X A4 esters in hexane, the total solubility of 4- 
hexylresorcinol was equivalent or slightly greater than that of the ester 
added. 


Other assumptions based on the formation of dimer or higher order 
complexes failed to explain the solubility behavior of 4-hexylresorcinol 
in these systems. Similarly, the phase solubility diagrams of 3,4-di- 


7 0 1  J 


CONCENTRATION OF TOTAL ESTER, LET], IN  HEXANE, X 10'M 
Figure 3 - P h  of [HR,,,,]I[HR~ as a function of the total ester 
concentration, [&I, in hexane ([HRcomP] = [ H R d  - [HRd) .  Key: 
D, ethyl acetate; 0, ethyl myristate; and A, ethyl piualate. 
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Table IV-Extent of Complex Formation between 4- 
Hexylresorcinol and Ethyl Acetate in Hexane Determined by 
Partitioning Study 


Concentration of 
Total Ethyl Acetate, Partition [HRcompl 


X lo2 M Coefficient [HRol 
0 
4.80 
9.61 


14.4 
19.2 
28.5 
48.1 


0.754 
1.97 
3.46 
5.57 
7.55 


12.1 
25.7 


0 
1.48 
3.36 
6.03 
8.52 


14.2 
31.5 


Table V-Extent of Complex Formation between 4- 
Hexylresorcinol and Ethyl Myristate in Hexane Determined by 
Partitioning Study 


Concentration of 
Total Ethyl Myristate, Partition [HRcompl 


X lo2 M Coefficient I H h l  


0 
1.53 
3.07 
6.14 
9.21 .~ 


15.0 
30.1 


0.754 
1.33 
1.90 
3.45 
5.48 


10.7 
29.5 


0 
0.674 
1.40 
3.35 
5.91 


12.4 
36.2 


Table VI-Extent of Complex Formation between 4- 
Hexylresorcinol and Ethyl Pivalate in Hexane Determined by 
Partitioning Study 


Concentration of 
Total Ethyl Pivalate, Partition [HRcompl 


X lo2 M Coefficient [HRol 
0 
3.84 
7.68 


15.4 
23.0 
38.4 
76.4 


0.754 
1.56 
2.66 
5.26 
9.23 


18.6 
54.3 


0 
0.962 
2.361 
5.63 


10.6 
22.5 
66.6 


methylphenol were different in the three cosolvent systems (Fig. 2). It 
is known that the monohydroxy compound forms a 1:l complex with 
esters. If that is the case, then one should observe a linear increase in the 
total solubility of the phenol as a function of added esters in hexane. In 
Fig. 2, the increase in the solubility of 3,4-dimethylphenol as a function 


I , 
0 10 20 30 40 50 60 70 80 


CONCENTRATION OF TOTAL ESTER, [€TI ,  
IN  HEXANE, X loa  M 


Figure 4-Plot of [ H R c o m J f [ H R ~ [ E ~ ]  as a function of the total ester 
concentration, [&I, in herane according to Eq. 16 ([HRc0,,,,J = [HRT] - [ H R d ) .  Key: m, ethyl acetate; 0, ethyl myristate; and A, ethyl pa- 
oalate. 


of added esters in hexane is nonlinear for ethyl pivalate and ethyl acetate 
and appears to be linear for ethyl myristate. 


Further examination of the equilibrated systems showed that, in ad- 
dition to the supernatant and crystalline phases, an oily third phase ex- 
isted. It was assumed that the abnormalities in the phase solubility di- 
agrams of 4-hexylresorcinol and 3,4-dimethylphenol were due to the 
formation of a eutectic phase between the low-melting-point phenols and 
the esters. It is known that low-melting-point phenols form a eutectic 
mixture upon their interaction with a low-melting-point proton ac- 
ceptor. 


The irreproducibility of the phase solubility data of 4-hexylresorcinol 
led to a study to characterize the nature of the complexes formed using 
partitioning methods. The data obtained for 4-hexylresorcinol in the 
three cosolvent systems are shown in Tables IV-VI. The concentration 
of free 4-hexylresorcinol, [ H b ] ,  in hexane was obtained as follows: 


[HRo] = (PC at 0% ester) [HRH,~] 0%. 11) 


where PC at  0% ester is the partition coefficient of 4-hexylresorcinol at 
zero ester concentration, [HRH,~] is the aqueous phase concentration, 
and the concentration of 4-hexylresorcinol in the complex is equal to 
[HRT] - [HRo]. A plot of ([HRT] - [H&])/[HRo] versus added ester is 
shown in Fig. 3 for ethyl acetate, ethyl myristate, and ethyl pivalate. As 
seen in Fig. 3, the increase in the total drug concentration as a function 
of added esters showed a positive curvature. The ratio of the free form, 
[ H h ] ,  and the complex form of 4-hexylresorcinol, [HRcomp], in the or- 
ganic layer is: 


(Eq. 12) 


[HRT] - [ H b ]  is given from Eq. 6; i.e., 


[HRT] - [HRo] = Ki:i[Eo][HRol + Ki:z[HRol[EoIz (Eq. 13) 


Substituting the [HRT] - [ H b )  value from Eq. 12 in Eq. 13 gives: 


Dividing both sides of Eq. 14 by [Eo] gives: 


(Eq. 14) 


(Eq. 15) 


Since the partitioning study used very dilute solutions of I-hexylresor- 
cinol, the concentrations of the complexes also are fairly small. Even if 
100% of 4-hexylresorcinol complexes with esters, it is reasonable to replace 
the concentration of the free ester, [&I, by the concentration of the total 
ester concentration, [ET]: 


(Eq. 16) 


A plot of [HRcomp] / [H~][E~]  versus [ET] provides a straight line with 
a slope of K1:2 and an intercept of K1:l. The experiments were repeated 


Table VII-Stability Constants of 4-Hexylresorcinol and 3,4- 
Dimethylphenol in Hexane-Ester Systems 


4-Hexylresorcinol 3,4-Dimethylphenol, 
Ester K1:la, M-l Kl,zb, M-2 Ki:i. M-' 


Ethyl acetate 28 80 9.24 
Ethyl pivalate 21 100 9.18 
Ethyl 40 266 15.5 


mvristate 


Stability constant of 1:l complex. *Stability constant of 1:2 complex. 


Table VIII-Extent of Complex Formation between 3.4- 
Dimethylphenol and Ethyl Acetate Determined by Partitioning 
Study 


Total Concentration 
of 3,4-Dimethylphenol, Partition [DMPcompI 


X lo2 M Coefficient [DMPol 
0 1.37 - 
4.80 1.96 0.44 
9.16 2.53 0.85 


19.23 3.86 1.83 
28.48 5.00 2.67 
48.07 7.60 4.57 
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Table IX-Extent of Complex Formation between 3.4- 
Dimethylphenol and Ethyl Myristate Determined by 
Partitioning Study 


1. 


Total Concentration 
of 3,4-Dimethylphenol, Partition [DMPcOmpl 


X lo2 M Coefficient [DMPol 


0 
1.53 
3.07 
6.14 
9.21 


15.03 
30.00 


1.37 
1.73 
1.96 
2.61 ~~ 


3.31 
4.57 
7.94 


- 
0.27 
0.43 
0.91 
1.43 
2.35 
4.83 


for various cosolvent systems, and each showed a straight-line relation- 
ship between the two parameters (Fig. 4). The stability constants, K1:1 
and KI:~,  for each ester were calculated from Fig. 4 and are shown in Table 
VII. It is evident from these results that 4-hexylresorcinol forms not only 
1:l but also 1:2 complexes with esters in hexane. The stability constant 
values obtained for ethyl myristate were somewhat higher than those for 
the other esters. This result is probably due to the fact that ethyl my- 
ristate has a larger hydrocarbon chain, which results in a better interac- 
tion with the hydrophobic portion of phenols. 


To ascertain whether the formation of 1:2 complexes is due to the in- 
volvement of the two hydroxy groups of 4-hexylresorcinol, the parti- 
tioning study was repeated with 3,4-dimethylphenol. The data obtained 
from this study are shown in Tables VIII-X. A plot of [DMP,,,,]/ 


Table X-Extent of Complex Formation between 3,4- 
Dimethylphenol and Ethyl Pivalate Determined by Partitioning 
Study 


Total Concentration 
of 3,4-Dimethylphenol, Partition PMPcompl 


X lo2 M Coefficient [DMPol 


0 
3.82 
7.68 


15.36 . ~~ 


23.04 
38.40 


1.37 
1.78 
2.33 
3.33 
4.32 
6.63 


- 
0.30 
0.70 
1.44 
2.17 
3.86 


0 10 20 30 40 50 60 
CONCENTRATION OF TOTAL ESTER, 


LET], IN HEXANE, X 10*M 
Figure 5-Plot of [DMP,,,,]IIDMPfreJIE~] as a function of the total 
ester concentration, [ET], in hexane; [DMPc,,,I and [DMPfreel rep- 
resent the concentrations of complexed and free forms of 3,4-dimeth- 
ylphenol, respectively. ([DMPc,,,1 = [DMPT] - [DMPd). Key: B, 
ethyl acetate; 0,  ethyl myristate; and A, ethyl pivalate. 


[DMPo][ET] versus the total ester concentration is shown in Fig. 5; 
[DMPcomp] is the concentration of 3,4-dimethylphenol in the complex 
form, and [DMPo] is the concentration of the free form. 


As seen in Fig. 5, the monohydroxy compound forms only a 1:l complex 
with the esters. The stability constants calculated from Fig. 5 are given 
in Table VII. The results of this study substantiate the conclusion that 
the diffusion of 4-hexylresorcinol through ethylene-vinyl acetate co- 
polymers involved the formation of 1:l and 1:2 complexes between the 
drug and the vinyl acetate portion of the copolymers. 
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Abstract 0 The chemical stability of 5-aza-2’-deoxycytidine (I) in acidic, 
neutral, and alkaline solutions was analyzed by high-performance liquid 
chromatography. In alkaline solution, I underwent rapid reversible de- 
composition to N-(formylamidino)-N’-~-~-2-deoxyribofuranosylurea 
(II), which decomposed irreversibly to form l-P-D-2’-deoxyribofurano- 
syl-3-guanylurea (111). The pseudo-first-order rate constants for this 
reaction were determined. The decomposition of I in alkaline solution 
was identical to that reported previously for the related analog, 5-aza- 
cytidine. However, in neutral solution (or water), there was a marked 
difference in the decomposition of I and 5-azacytidine. The same de- 
compoeition products were formed from 5-azacytidine in neutral solution 


as in alkaline solution. However, in neutral solution, I decomposed to I1 
and three unknown compounds that were chromophoric at 254 nm. 
Compound I was most stable when stored in neutral solution at low 
temperature. 


Keyphrases 5-Aza-2’-deoxycytidine-analysis of chemical stability 
using high-performance liquid chromatography 0 Antileukemic 
agents-5-aza-2’-deoxycytidine, analysis of chemical stability using 
high-performance liquid chromatography 0 High-performance liquid 
chromatography-analysis of chemical stability of 5-aza-2’-deoxycyti- 
dine 


5-Aza-2‘-deoxycytidine (I), a nucleoside antimetabolite, 
is a very active antileukemic agent in mice (1, 2) and a 
potent cytotoxic agent against neoplastic cells in uitro (2, 


3). This antimetabolite is related to 5-azacytidine, an agent 
currently used in the clinical treatment of acute leukemia 
(4). 
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The phenethylamine hallucinogens are simple 2-phe- 
nylethylamine derivatives of the general formula I, the 
majority of which are substituted with methoxy and alkyl 
or halogen groups. Where R is a methyl group, the com- 
pounds have been referred to as hallucinogenic “amphet- 
amines.” Although not strictly correct, this nomenclature 
is used throughout this discussion. 


Although these drugs are not widely abused at  present, 
several were prevalent on the illicit drug market during the 
1960’s. The more common ones were 1-(2,5-dimethoxy- 
4-methylphenyl)-2-aminopropane (“STP,” 11) (l), 1- 
(3,4-methylenedioxyphenyl)-2-aminopropane (111) (2), and 
1 - (4-methoxyphenyl) -2-aminopropane (IV) (3). The latter 
two were responsible for several deaths. Their popularity 
was due to their relatively high potency, coupled with the 
economic attractiveness of starting materials such as an- 
isaldehyde, piperonal, and methylhydroquinone. With the 
exception of lysergide (LSD), the “classical” hallucinogens 
psilocin or psilocybin and mescaline were seldom available 
(4). Thus, the amphetamines served as convenient sub- 
stitutes. 


Structure-activity studies have been carried out with 
several classes of hallucinogens. However, lysergamides, 
related to lysergide and the most potent series, have re- 
ceived only limited attention, chiefly due to the molecular 
complexity of lysergic acid and the problems inherent in 
modification of such a structure. The simple tryptamines 
have been investigated somewhat more extensively, but 
few novel compounds have emerged. In addition, many of 


the indoles necessary as starting materials are tedious to 
synthesize. Therefore, the tryptamines have probably not 
received the attention they deserve. 


In contrast, the phenethylamines have been studied 
extensively. The commercial availability or ease of syn- 
thesis of numerous substituted benzaldehydes has led to 
the synthesis and evaluation of literally hundreds of ana- 
logs. Because the mechanism of action for phenethylamine 
hallucinogens appears to be identical or similar to that for 
lysergide and the tryptamines (&lo), studies with phen- 
ethylamines could be used to infer information about the 
action and binding features of indoles. 


This class of agents was reviewed by Nieforth (11) in 
1971 as “psychotomimetic” phenethylamines. It is not the 
intent of this author to delve into the significance and 
comparisons of such terms as psychotomimetic, halluci- 
nogenic, and psychedelic. The controversy over appro- 
priate terminology has been considered in the literature. 
Within this discussion, the terms hallucinogenic and 
psychotomimetic are used interchangeably. Psychedelic 
is another term that has been used to describe this class of 
compounds. 


A word of caution about biological data is in order. Ac- 
tivity is discussed for several animal and in uitro models, 
as well as for humans, where available. However, the use 
of in uitro and animal data can be misleading. For example, 
compounds have been compared in rats for their ability to 
disrupt a conditioned avoidance response. In clinical terms, 
this approach is meaningless. In rabbits, many compounds 
have been compared for their ability to elicit hyperthermia. 


X mNH2 
I: R = H or CH,, X = OR, alkyl, halogen 


11: R = C H , , X  = 2,5-(OCH3),-4-CH, 
111: R = CH,, X = 3,4-OCH,O 
IV: R = CH,, X = 4-OCH, 
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Again, these data have little clinical relevance. In general, 
however, such tests have been correlated with potency of 
the compounds in humans. Many of the animal tests were 
found to allow predictions, albeit approximate, of human 
potency. Thus, in cases where animal data are cited, some 
effective central component of action is indicated. Nev- 
ertheless, the reader should be aware that only those 
compounds that were assayed in humans can be truly 
categorized as hallucinogenic. 


There is a good deal of flexibility in interpretation even 
in this situation, and much of this should be attributed to 
the multiplicity of actions possessed by the phenethyla- 
mines. These simple structures have direct actions on se- 
rotonin receptors, both as agonists (12-14) and as antag- 
onists (15), are capable of releasing serotonin (16), nor- 
epinephrine, and dopamine (17), have direct actions at  
dopamine receptors, or can be metabolized to species that 
further influence qualitative mechanisms of action (18), 
all depending on the particular structure studied. The 
effect on monoamine oxidase for most structures also is 
unknown. These and other factors combine to varying 
degrees for each agent. Hence, a particular compound 
could be said to possess a unique profile of action all its 
own. That is, each substitution pattern could be expected 
to present a slightly different qualitative pattern of clinical 
activity that will be revealed only by tests in humans. 
Therefore, when one speaks of hallucinogenic activity, it 
is uncertain just exactly what is meant. Most often, in 
humans at least, the term refers to a subjective similarity 
to a standard agent such as lysergide or mescaline. In this 
light, one can see how inadequate any animal testing will 
be. Fortunately, Shulgin and his coworkers provided a 
wealth of quantitative human data for correlation and 
analysis. 


Although elucidation of subtle qualitative structure- 
activity relationships must await more structured and 
well-designed clinical assays, legal strictures and public 
sentiment presently oppose such research. One is forced 
to rely largely on animal assays. Ignoring the work that has 
used animals and in vitro models leaves a serious gap in an 
understanding of structure-activity relationships. Such 
studies should be considered, but with the caveats dis- 
cussed always in mind. 


This paper briefly, but critically, reviews the advances 
made in understanding the structure-activity relationships 
of phenethylamine hallucinogens. It is hoped that a clearer 
picture will emerge of the probable requirements for re- 
ceptor binding and some of the essential conformational 
and stereochemical features. Where possible, these re- 
quirements are related to human clinical activity. 


Comprehensive reviews of hallucinogens were presented 
by Brawley and Duffield (6) and subsequently by Shulgin 
(19-21). Jacobs and Trulson (22) also recently presented 
a brief review of the mechanism of action for hallucinogens. 
However, none of these reports dealt in sufficient depth 
with the structure-activity requirements for the most 


I 
OCH, 


VI: R = CH,CH, 
V: R = CH, 


widely studied class of hallucinogens, the phenethylam- 
ines. The excellent and comprehensive reviews by Shulgin 
come closest to this goal but tend to focus on active com- 
pounds and a description of structure-activity relation- 
ships as they apply to human clinical studies. These re- 
views understandably omit several studies where activity 
in animal models has not been confirmed by human 
testing. 


The present discussion attempts to pull together find- 
ings from many approaches, both in uiuo and in uitro. The 
treatment begins with aromatic substitution patterns and 
proceeds to brief highlighting of what is known about the 
molecular mechanism of action. It is hoped that the reader 
will gain a better understanding of the structural features 
necessary for activity and, where possible, insight into the 
possible reasons for their importance. 


AROMATIC SUBSTITUENTS 


Orientation-It has been concluded that a 2,4,5- 
trisubstitution pattern yields optimally active compounds 
(19,23). Although this statement generally remains true, 
some interesting exceptions exist. For example, replace- 
ment of the 4-methoxy group in mescaline (V) with an 
ethoxy group gives escaline (VI), which is about six times 
more active than mescaline (24). 


Within the 3,4,5-trisubstituted series, replacement of 
the 4-methoxy with a bromine, alkyl, or alkylthio group 
leads to compounds with high activity (24). Acute dosages 
in humans were reported to be in the 10-20-mg range (21). 
In an in uitro assay, several 3,4,5-trisubstituted compounds 
showed potency comparable to similarly substituted 
2,4,5-substitution patterns (25) .  This point is important. 
Attention has been called to the possibility of quinone 
generation from 2,5-dimethoxy-substituted compounds 
as an explanation for their high potency (19, 21, 23, 26). 
Although di-0-demethylation and consequent oxidation 
to quinones were observed in liver microsomes, no such 
reactions were detected in uiuo (27). However, the poten- 
tial neurotoxicity of such reactive metabolites (as), even 
if produced only in miniscule amounts, should give cause 
for concern in the unlikely event that these drugs might 
be used on a chronic high dosage basis. 


In general, the most active compounds studied to date 
possess 4,5-disubstitution with a methoxy group at either 
the 2-position (2,4,5-substitution) or the 3-position 
(3,4,5-substitution). However, 2,4,6-trimethoxyamphet- 
amine possesses about 10 times the activity of mescaline 
in humans (21). Since little work has been reported with 
2,4,6-substituted compounds, it is impossible to assess 
whether further substituent modification will give more 
potent compounds in this series. 


Nature of Substituents-In any substitution series, 
the 4-substituent has been of unique importance. Although 
it probably contributes a general lipophilic effect that fa- 
vors more effective central nervous system (CNS) pene- 
tration (29), it also may serve in at least two other specific 
roles. First, the most active compounds possess para- 
substituents that are resistant to oxidative metabolism. 
Increasing potency generally parallels increasing stability 
of this group. Second, a recent in vitro quantitative study 
indicated that serotonin receptors may possess a specific 
hydrophobic site that accommodates the para-substituent, 
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VII: R = OCH,, R’ = H 


IX: R = CH,, R’ = H 
X: R = Br, R’ = CH, 


VIII: R = OCH,CH,, R’ = H 


providing it is <5-6 A in length (30). These conclusions 
were supported by studies of molecular connectivity (31). 
Green et al. (32) also proposed a specific hydrophobic site 
approximately at this region of the serotonin receptor. 


The unique importance of the para-substituent can be 
best illustrated with several examples. Anderson et al. (33, 
34) evaluated a series of isomeric 2,4,5-trisubstituted di- 
methoxymethylamphetamines. Substantial activity in the 
rabbit hyperthermia model was observed only when the 
substituents were in the 2,5-dimethoxy-4-methyl config- 
uration. A similar finding occurred for a series of 2,4,5- 
substituted dimethoxymethylthioamphetamines. Signif- 
icant activity occurred only with the 2,5-dimethoxy-4- 
methylthio orientation (35). 


The para-substituent is even more critical for com- 
pounds lacking an o-methoxy group. For example, 3,4- 
dimethoxyamphetamine (VII) may be orally active in 
humans but only at  acute doses of >1 g (36). However, 
simple replacement of the 4-methoxy in VII with an ethoxy 
group gives VIII, leading to some retention of central ac- 
tivity. In humans, VIII possessed mood-elevating prop- 
erties in the 0.1-0.2-g range (36). In an assay in mice, 3- 
methoxy-4-methylamphetamine (IX) was just as potent 
and long lasting as 2,5-dimethoxy-4-methylamphetamine 
(11) (37). In a series of bromomethoxyamphetamines, the 
3-methoxy-4-bromo group (X), but not the isomeric 3- 
bromo-4-methoxy group, elicited a mescaline-like effect 
in rats (38). Thus, for hallucinogen-like activity in rodent 
models, the o-methoxy group may not be required. How- 
ever, it was found that IX, despite its reported activity in 
mice, is totally inactive in humans at doses 10-fold greater 
than the threshold for I1 (36). 


An interesting variation in activity is encountered where 
the para-substituent is an alkylthio group. It was specu- 
lated initially that the metabolic lability of sulfur might 
provide interesting biological properties, in contrast to 
more oxidation-resistant groups (39). Clinical studies of 
the first compound in this series, 1-(2,5-dimethoxy-4- 
methylthiophenyl)-2-aminopropane (XI), proved it to be 
highly active (26). Its duration of action was reduced 
somewhat from that observed with more metabolically 
stable compounds. However, this drug appears to produce 
a unique enhancement of intellectual function while 
lacking other features of the hallucinogens such as severe 
visual sensory distortion. Shulgin and his colleagues (21, 
40) described this “aleph” effect and expanded on this 
lead. Alkylthio-substituted compounds in both the 2,4,5- 
and 3,4,5-series have been examined for activity. Several 


OCH, 


XII: R, = R, = H 
XIII: R, = H, R, = CH, 
XIV: R, = R, = CH, 


XV: R, = R, = H 


XVII: R, = & = CH, 
XVI: R, = H, R, = CH, 


are quite potent and retain the specific intellectual-en- 
hancing properties of XI. The more interesting of these 
compounds contain the alkylthio group in an orientation 
para to the side chain. 


Replacement of a 2-, 3-, or 5-methoxy with a larger 
alkoxy, methyl, or halogen usually resulted in inactive 
compounds (34, 41, 42), although some activity was re- 
,tained in a few cases. Within the 2,5-dimethoxy series, 
replacement of one methoxy with a hydroxy group in- 
creased in uitro serotonin receptor affinity (43,44). Sub- 
stitution at the 5-position with hydroxy had a greater en- 
hancing effect on affinity than at  the 2-position. 


Steric Effects-Recent studies are beginning to answer 
questions about the bulk properties of the aromatic ring 
substituents. Although there may be a hydrophobic region 
on the receptor that accommodates the para -substituent, 
bulky hydrocarbon groups are not tolerated, as illustrated 
by the series of 2,5-dimethoxy-4-alkyl-substituted am- 
phetamines. Activity can be ordered in the following se- 
quence for the 4-alkyl group: propyl > ethyl > methyl and 
also propyl > isopropyl > tert-butyl(45-47). The clinical 
activity of the p-isopropyl and p-tert-butyl homologs has 
not been established, and potencies are based on animal 
studies (46,48). However, the tert-butyl homolog was in- 
active in humans at acute dosages up to 10 mg, far above 
the effective amount for a p-methyl group (20). 


It has been proposed that the receptor that interacts 
with hallucinogens can be modeled as a planar surface 
which can tolerate little, if any, steric bulk projecting from 
the binding face of the hallucinogen molecule (49, 50). 
Nonbonded interactions between the 4-alkyl and an ad- 
jacent methoxy group certainly play a role in the allowed 
conformational states of the alkyl group. One can envision 
the type of steric profile presented to the receptor by an 
isopropyl or tert-butyl group. In the latter case, it would 
be impossible to rotate the tert -butyl group to remove bulk 
completely from one face of the molecule. With an iso- 
propyl group, this would not be so severe. 


Evidence to support the idea of a deleterious effect of 
bulky substituents comes from studies on two series of 
homologs. Structures XII, XIII, XV, and XVI were shown 
to possess clinical activity (36,51). Compound XIV has not 
been tested in humans, but was inactive in animal models 
(52). The gem-dimethyl compound (XVII) is inactive in 
humans (20). This pattern of activity is in agreement with 
the suggestion that one face of the molecule must remain 
unhindered. This explanation may apply to the inactivity 
of the ethylenedioxy (XVIIIa) and trimethylenedioxy 
(XVIIIb) compounds (53). 


OCH, 
XI 


bCH, 
XVIIIa: n = 2 
XVIIIb: n = 3 
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In addition to interactions between substituents and the 
receptor, interaction between the substituents themselves 
probably plays an important role in determining activity. 
X-ray crystallographic studies established that the 4- 
methoxy group of mescaline is twisted nearly perpendic- 
ular to the ring plane (54). It is unlikely that a more bulky 
group such as ethoxy can rotate from a perpendicular 
conformation. In view of the substantial potency, not only 
of escaline (VI) but of its 4-isopropoxy homolog, isopros- 
caline (36), it seems doubtful that the 4-oxygen plays any 
crucial role with respect to resonance overlap of its n 
electrons with the T system of the aromatic ring. This 
concept is reinforced by the fact that the 4-substituent can 
be replaced by alkyl or halogen with an increase in ac- 
tivity. 


On the other hand, twisting of the 2- or 5-methoxy 
functions seems to abolish activity. Such twisting has been 
invoked to explain the inactivity of certain 2,3-dime- 
thoxy-substituted compounds (55) since a 2,3-methylene- 
dioxy group usually gives active compounds (23). One may 
speculate that the 2- and 5- or the 3- and 5-methoxy 
groups, depending on the substitution pattern, must lie 
coplanar with the aromatic ring. One obvious effect of this 
arrangement is to maximize overlap between the oxygen 
n electrons and the ring T system. However, this expla- 
nation seems weakened by the observation that 2,3,5- and 
2,3,6-trimethoxyamphetamines are clinically active as 
hallucinogens (19). The picture here is not very clear, and 
one wonders to what extent qualitative differences in 
mechanism of action may be responsible. 


Snyder and Richelson (56) suggested that intramolec- 
ular hydrogen bonding between the o-methoxy and side- 
chain amino groups could be important for activity. 
However, no evidence for such hydrogen bonding has been 
obtained from X-ray crystallographic studies (57,58). 


Although theoretical (59) and experimental gas-phase 
(60) studies indicated a noncoplanarity when two methoxy 
groups are adjacent, NMR solution studies found such 
methoxy groups to be equivalent (61). Furthermore, the 
high activity of the dihydrobenzofuran derivative (XV) 
suggests that the orientation of the 5-methoxy group is not 
critical if it remains coplanar with the ring. Steric effects 
seem to indicate that a 5-methoxy group should be directed 
away from the 4-alkyl group. In XV, the alkoxy function 
is directed toward the 4-alkyl group. 


SIDE-CHAIN MODIFICATION 


N-Substitution-It has been demonstrated with sev- 
eral compounds that N-alkylation abolishes or dramati- 
cally attenuates in vivo activity (26,47,62-64) and in uitro 
receptor affinity (65). Only in the case of 3,4-methylene- 
dioxy ring substitution has N-alkylation afforded active 
compounds, the N-methyl (XIX) and N-ethyl (XX) an- 
alogs. These analogs retain potency comparable to the 
primary amine (1111, although qualitative aspects of the 
intoxication are altered (66). In 111, the (R)-enantiomer 


H 2 C < W N H R  0 


XIX: R = CH, 
XX: R = CH,CH, 


possesses activity; upon N-methylation, the isomer with 
the (S)-configuration has proven to be active. 


These results have been interpreted to mean that the 
actions of (R)-I11 and N-methyl-(S)-I11 are mediated by 
different mechanisms. This idea is reinforced by the 
finding that there is no cross-tolerance between I11 and 
XIX (62). This result is not too surprising since I11 was 
shown to possess both a lysergide-like and an amphet- 
amine-like component of action (67-70). Thus, it was 
speculated that 111 exerts its effects by direct action on 
serotonin receptors, similar to explanations for the action 
of (R)-11. By contrast, N-methyl-(S)-It1 was suggested to 
work by release of endogenous transmitter (62). Unfor- 
tunately, studies of I11 and its derivatives are complicated 
by its multiplicity of actions on various monoaminergic 
systems. 


Although it has been concluded that N-methylation 
generally destroys activity, this conclusion may be pre- 
mature since few N-methylated amphetamines have been 
examined. Cheng et al. (17) studied a series of substituted 
amphetamines and found that substitution patterns other 
than 2,5-dimethoxy have a significant indirect component 
of action. If the arguments relating to I11 are valid, many 
of these derivatives may retain or possess enhanced ac- 
tivity upon methylation. Furthermore, as with amphet- 
amine, the (S)-isomer is expected to be the more potent 
releaser and thus possess activity. 


Further extension of the N-alkyl group to higher ho- 
mologs generally abolishes activity (66). N,N-Dialkylation 
does not give active compounds, even with the 3,4-meth- 
ylenedioxy substitution (36). 


In an analogy to the opiate antagonists, DeSantis and 
Nieforth (71) prepared the N-propyl, N-cyclopropyl- 
methyl, and N-ally1 derivatives of mescaline. In mice, the 
propyl and ally1 derivatives produced a slight antagonism 
of mescaline-induced disruption of swimming behavior. 


One other active substitution on nitrogen is the N- 
hydroxy group. N-Hydroxylation of I11 gives a compound 
possessing clinical activity (66). Coutts and Malicky (72) 
evaluated several congeners of 11. One, the N-hydroxy 
derivative (XXI), elicited behavioral effects in rats but at 
about six times the dosage required for 11. 


Side-Chain Alkylation-The addition of a methyl 
group to the a-side-chain position dramatically enhances 
the in viuo activity of 2,4,5-trisubstituted compounds. For 
example, 2,4,5-trirnethoxy-P-phenethylamine is inactive 
(731, but addition of an a-methyl group gives the corre- 
sponding amphetamine, which is 17 times more potent 
than mescaline (23). This potency increase also is observed 
in compounds with a hydrophobic para-substituent such 
as methyl or bromine but is less dramatic. 2,5-Dime- 
thoxy-4-methylphenethylamine is clinically active at doses 
of -15-20 mg (74); addition of an a-methyl group to give 
I1 increases potency about fourfold. 


The potency increase with a-methylation is very small 
in 3,4,5-substituted compounds. Addition of an a-methyl 
group to mescaline gives 3,4,5-trimethoxyamphetamine, 
a compound only about twice as active as mescaline (23). 
This slight increase is maintained in this series where the 
4-substituent is a hydrophobic group. This finding prob- 
ably reflects an effect on metabolism since addition of the 
a-methyl group has little effect on in uitro receptor affinity 
in either series (30,65). Thus, it is tempting to speculate 
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that 2,4,5-substituted compounds are more susceptible to 
amine oxidation than are 3,4,5-substituted analogs. 
However, Clark et al. (75) reported that 2,4,5-trimethoxy- 
phenethylamine is deaminated less extensively than 
mescaline by a soluble rabbit liver amine oxidase prepa- 
ration. In any case, with either substitution pattern, the 
simple addition of the a-methyl group increases hydro- 
phobicity and at least facilitates passive diffusion into the 
CNS. 


Extension of the a-methyl group to ethyl or higher ho- 
mologs abolishes activity (76). This result was observed in 
3,4,5-trimethoxy compounds and in several 2,5-dime- 
thoxy-4-substituted analogs (77). The addition of an 
a-ethyl group, while abolishing hallucinogenic action, leads 
to potential antidepressant compounds (77-80). A t  
present, there is no explanation as to why this occurs. 


In  uitro, the a-ethyl group shows mixed agonist-an- 
tagonist action at  the serotonin receptor whereas the 
a-methyl group is a pure agonist (81). The conformational 
properties, as determine& by solution NMR studies, for 
a-methyl and a-ethyl compounds do not differ signifi- 
cantly (82). Their dynamic behavior appears comparable, 
and it is difficult to ascribe the difference in action to a 
conformational effect. Theoretical calculations using 
empirical potential functions likewise have failed to reveal 
a conformational explanation for the difference (83). Some 
undefined steric effect seems the most plausible answer. 


Dialkyl substitution on the a-carbon also destroys ac- 
tivity. This effect is evident as a loss of in uitro activity and 
a lack of behavioral effect in cats for XXII (84). Surpris- 
ingly, linking these two methyl groups in the form of a 
cyclopropyl ring (XXIII) restores some activity. The 
original report suggested that this result might be due to 
enhanced distribution into lipid for the cyclopropyl group 
but not the gem-dimethyl group. More recently, the dif- 
ference in activity was attributed to the lack of confor- 
mational flexibility for the dimethyl compound and its 
inability to assume the active conformation (85). These 
conclusions were supported by theoretical calculations and 
carbon 13 spin-lattice relaxation times from solution NMR 
studies. The data support the idea that the active confor- 
mation is one where the side chain must be in an anti- 
periplanar arrangement with the aromatic ring. 


On the other hand, adding a second a-methyl group to 
I11 to give the a,@-dimethylphenethylamine led to an ac- 
tive compound (36). Again, the 3,4-methylenedioxy sub- 
stitution presents an anomalous case. This analog can be 


OCH, 


OCH, 
XXII 


OCH, 
XXIII 


OCH, OCH3 
XXIV: R = H XXVI: R = H 


XXVII: R = CH, XXV: R = CH, 


viewed as a substituted phentermine derivative, and its 
activity also may prove to be due to the release of endog- 
enous neurotransmitter. 


The addition of a 0-methyl group to the side chain 
dramatically attenuates in uiuo activity in animals (47). 
This effect also was observed for P-hydroxy or P-keto an- 
alogs in an in uitro receptor affinity assay (55). In the latter 
instance, the beta substituent was most deleterious when 
an o-methoxy group also was present. This may be due to 
an unfavorable steric interaction between the beta and 
ortho-substituents. However, i y i  the ear-scratch response 
in mice (48) for XXIV-XXVII, only XXV retained any 
activity, and it was very weak (86). This finding again 
emphasizes the importance of the a-methyl and o-me- 
thoxy groups for optimal activity. 


The a,@- or P,P-dimethyl side-chain substitution abol- 
ishes hallucinogen-like activity in animal models (47). 
None of these substitutions has been tested yet in hu- 
mans. 


There are two reports of phenylalanine analogs of hal- 
lucinogens. The 2,5-dimethoxy-4-methyl analog 
(XXVIIIa) and the mescaline congener [3-(3,4,5-tri- 
methoxypheny1)alanine (XXVIIIb)] were examined for 
activity, although neither is expected to be a substrate for 
brain decarboxylases according to Ferrini and Glasser (87). 
Neither of these substituted phenylalanines showed bio- 
logical activity (88-90). 


Stereochemistry-It has been known for several years 
that in the substituted hallucinogenic amphetamines, the 
(R)-enantiomer is the most active (91-93). Although the 
(S)-enantiomers generally have not been studied at high 
dosage levels, the ( R  benantiomer subjectively and quan- 
titatively reproduces the effect of twice its weight of ra- 
cemate in humans. Both in uitro and animal models 
demonstrate stereoselectivity, with about a four- to 10-fold 
difference in potency between the (R)-  and (S)-enantio- 
mers (94-98). The classical approach to this observation 
has related the (R)-configuration of the amphetamines, 
shown in binding orientation A, to the (R)-configuration 
at C-5 of lysergide. With this view, the methyl group of the 
amphetamines corresponds to the C-4 methylene group 
of lysergide. However, the relatively small effect (30,96) 
on receptor affinity in a-methyl compounds with the 
(R)-configuration, as compared with the a-unsubstituted 
phenethylamines, seems inconsistent with any interaction 
of the a-methyl group with the receptor. 


A newer hypothesis from these laboratories related this 
stereoselectivity to binding orientation B, where the 


XXVIIIa: R = 2,5-(OCH,),-4-CH3 
XXVIIIb: R = 3,4,5-(OCH,), 
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binding orientation A lysergide 


binding orientation B 


a-methyl group is allowed to project away from the binding 
surface (49, 50). With either hypothesis, it  was assumed 
that the receptor binds to the alpha face of the lysergide 
molecule since this surface presents the most unhindered 
access to the N-6 unshared electrons (58,98). The phen- 
ethylamines were assumed to bind in a conformation where 
the side chain is relatively coplanar with the aromatic ring 
in an extended, or antiperiplanar, arrangement. This ar- 
rangement would give the closest similarity to lysergide. 
In conformation B, the a-methyl group is directed away 
from the binding surface. In this view, a-methylation has 
little effect on receptor binding when the configuration is 
R .  In contrast, and consistent with experimental findings 
(14, 96), the methyl group of the (5')-enantiomer has a 
deleterious effect on affinity. 


Of the two isomers of the 2-phenylcyclopropylamine 
analog of 11, the (1R,2S)-enantiomer (XXIXa) is more 
active (99). The (1S,2R)-isomer (XXIXb) showed no ac- 
tivity at any dose tested. If the argument is valid that the 
steric bulk of the C-3 methylene must project away from 
the receptor, then activity for the (1R,2S)-isomer is only 
consistent with a binding conformation for flexible analogs 
similar to that shown for XXIXa. If strict structural con- 
gruences can be invoked, this hypothesis would correlate 
the 5-methoxy group of the phenethylamines with the 
5-hydroxy group of serotonin. This is borne out by the 
greater enhancement of in vitro receptor affinity when the 
5-methoxy group of the phenethylamines is replaced by 
hydroxy than when the 2-methoxy group is replaced by 
hydroxy (43). 


Problems arise in considering stereochemistry for other 
substituted amphetamines. As discussed in the section on 
N-substitution, methylation of I11 reverses the stereose- 
lectivity of activity and it is the (S)-enantiomer of N -  
methyl-I11 that is active. However, this latter derivative 
may possess different mechanisms of action (62). 


Both the (R)- and (S)-enantiomers of 3,4-dimethoxy- 
amphetamine were required to elicit a mescaline-like be- 


havioral profile in rats (100). Furthermore, coadminis- 
tration of the (R)-enantiomer of 3,4-dimethoxyamphet- 
amine with (S)-amphetamine gave a response identical to 
that obtained with racemic 3,4-dimethoxyamphetamine. 
Cheng et al. (17) demonstrated that this compound pos- 
sessed an indirect releasing component of action in an in 
uitro smooth muscle assay. Therefore, it is possible that 
the in uivo effects of racemic 3,4-dimethoxyamphetamine 
also may be partially ascribed to the releasing effects of the 
(5')-enantiomer. 


Although many additional studies are needed to eluci- 
date such mechanisms definitively, the following conclu- 
sions would be generally consistent with previous work (17, 
94, 96). For compounds possessing 2,5-dimethoxy sub- 
stituents, the (R)-enantiomer has stereoselective in uiuo 
activity. This action is correlated with in uitro direct 
agonist effects at serotonin receptors. For any other sub- 
stitution patterns, a possible indirect component of action, 
such as a releaser of serotonin or catecholamines, must be 
considered. In this latter case, the (5')-enantiomer may 
contribute a significant component to in vivo activity. One 
may speculate that N-methylation allows retention of 
activity with these substitutions (62). For the 3,4,5- 
trisubstitution pattern of mescaline itself, in uiuo activity 
appears to correlate with a direct effect at the serotonin 
receptor (30,55). 


Rigid Analogs-Several rigid analogs of phenethyl- 
amine hallucinogens have been evaluated to elucidate the 
binding conformation of the side chain. To date, none has 
been particularly revealing, although some interesting 
findings have emerged. The simplest rigid analogs are the 
substituted 2-phenylcyclopropylamines. The 3,4,5-tri- 
methoxy compounds (XXX and XXXI) first were pre- 
pared as mescaline analogs (101). Inactivity for the cis- 
isomer (XXXI) seems to establish conclusively the side- 
chain binding conformation as trans in the flexible 
phenethylamines. As discussed previously, the 2,5-dime- 
thoxy-4-methyl-substituted analog (XXXIX) has been 
resolved into its enantiomers. Activity only for the 
(1R ,as)-enantiomer has provided evidence of the binding 
conformation for the (R)-enantiomer of the amphet- 
amines. 


Recently, Law and Borne (102) reported the synthesis 
and preliminary pharmacology for the substituted exo- 
and endo-2-azabicyclo[2.2.2]octanes (XXXII and XXXIII, 
respectively). Examination of spontaneous activity in mice 
indicated that the endo-isomer (XXXIII) was about two 
times more active than the exo-isomer. This finding pro- 
vides further evidence for an antiperiplanar side-chain 
conformation as important for activity. 


Additional studies of the side-chain conformation and 
stereochemistry have been carried out utilizing rigid an- 
alogs. In particular, 2-amino-1,2,3,4-tetrahydronaph- 
thalenes (2-aminotetralins) have received attention. Kang 
and Green (103) pointed out-the possibility that these 
compounds could be compared to lysergide. The unsub- 


OCH, 
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XXXIII 
n = 2 (3,4-substituted) 
n = 3 (3,4,5-substituted) 


stituted parent (XXXIV), as the racemate, shows some 
similarity to the hallucinogens in rat models (104). The 
(S)-(-)-enantiomer seems to possess biological activity 
(105). This stereochemistry is inverted from that observed 
for lysergide. This observation was used in arguments 
presented earlier against orientation A as the active 
binding orientation for the phenethylamines (49). 


Green et al. (106) also examined a series of methoxy- and 
hydroxy -substituted 2-aminotetralins. They reported that 
XXXV possessed electroencephalographic effects in rats 
that were similar to those evoked by mescaline. 


In a series more closely approximating active halluci- 
nogens, the dimethoxymethyl-substituted compounds 
(XXXVI-XXXVIII) were examined. Although in viuo 
activity was indicated for the aminoindan (XXXVIII) a t  
high doses (107), other studies proved that XXXVIII was 
much less active than the tetralin (XXXVII) both in viuo 
(108) and in uitro (109). Neither compound produced a 
mescaline-like response in the conditioned avoidance re- 
sponse in rats. The dimethoxy compound (XXXVI) pos- 
sessed a sedative effect in mice (104). Although none of the 
tetralins had clearcut hallucinogen-like action in any an- 
imal models, XXXVII produces hyperthermia in rabbits 
and evokes a rage response in cats (49). 


Violland et al. (110) also examined several methoxy- 
substituted 2-aminotetralins as analogs of hallucinogens. 
In mice and dogs, these compounds possessed pharmaco- 
logical activity characterized by ataxia, sedation and, in 
some cases, analgesia. N -  Alkylated derivatives of 2- 
amino-2,3-dihydrophenalene also were prepared. Although 
possessing pharmacology similar to the aminotetralins, 
they were much more potent. Again, no clinical studies 
have been carried out with any of the aminotetralins or 
phenalenes, and there is no evidence to suggest that they 
possess hallucinogenic action in humans. 


Numerous other investigators have explored the 2- 
aminotetralins as congeners of lysergic acid, with particular 
reference to identification of the oxytocic pharmacophore 
of the ergot alkaloids. Such studies are not reviewed 
here. 


Additional rigid analogs have been prepared where the 
phenethylamine side chain is incorporated into a hetero- 
cyclic ring (XXXIX-XLII). Compound XXXIX could be 
viewed as possessing the structural features of both mes- 
caline and methylphenidate ( l l l ) ,  although it possessed 
no mescaline-like action in animal models. The morpholino 


R W N H ’  


XXXIV: R = H 
XXXV: R = 7-OH 


bCH3 OCH, 
XXXVI: R = H XXXVIII 


XXXVII: R = CH, 


analog (XL) was reported to possess more mescaline-like 
tendency in animals than XLI or XLII (112). It is unknown 
whether any of these compounds possess hallucinogenic 
action in humans. However, none had appreciable potency 
in animal models. 


EFFECTS OF DISTRIBUTION AND METABOLISM 


The ability of the compounds to penetrate the CNS is 
a requisite for activity. As pointed out by Vogel and Evans 
(113), when one considers the actual levels of drug detected 
in the brain rather than the systemically administered 
dose, dramatic differences in structure-activity relation- 
ships may appear. That is, some compounds that appear 
to possess little activity upon peripheral adminstration are 
highly potent if actually administered into the CNS. For 
compounds with a more favorable distribution, only small 
doses may be needed to achieve the same brain levels. 
These distribution differences are independent of actual 
efficacy at the receptods). Vogel and Evans (113) argued 
further that structure-activity relationships should be 
based on minimal effective brain levels rather than on 
dosage measures that reflect a quantity necessary for pe- 
ripheral administration. Although this approach has merit, 
most investigators probably will not carry out the addi- 
tional studies required to establish minimal effective brain 
level values. 


The importance of passive partitioning was noted in a 
study where 1-octanol-water partition coefficients were 
measured and correlated with human clinical activity (29). 
As expected, the regression obtained was parabolic, with 
an optimum log P value of 3.14. Although R 2  for the re- 
gression was only 0.62, there was large variability in the 
human data. Furthermore, the study included numerous 
compounds that undoubtedly possess several components 
of action, as is the case for 111. Coincidentally, the optimum 
log P value from this study was nearly identical, within 
statistical limits, to the optimum determined in an in vitro 
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assay (30). In the latter study, this value reflected, in part, 
a specific hydrophobic interaction with the receptor. 


The CNS distribution of [3H]mescaline and the isomeric 
2,3,4-trimethoxyphenethylamine was studied using au- 
toradiography (114). The latter compound is inactive and 
gave weak and homogeneous labeling in the brain. By 
contrast, mescaline was selectively accumulated in the 
hippocampus and amygdala. The findings of this study are 
in agreement with similar results obtained for the distri- 
bution of 3H-labeled I1 (115). However, the 2,3,4-trime- 
thoxy isomer also is metabolized more rapidly than mes- 
caline (116). Mitoma (117) compared 2,4,5-trimethoxy- 
amphetamine with the isomeric 2,3,4-substitution. The 
latter is inactive clinically while 2,4,5-trimethoxyam- 
phetamine is 17-20 times more active than mescaline. 
Surprisingly, the brain levels of the inactive 2,3,4-isomer 
were higher than those attained with the active 2,4,5- 
substitution pattern in rats. 


No studies of differential brain distribution for enan- 
tiomers of active amphetamines have been published. 
However, the (S)-(+)-enantiomer of I1 is metabolized more 
rapidly than the (R)-(-)-isomer when the drug is admin- 
istered as the racemate (118,119). 


Some distinction should be made between metabolic 
processes that essentially “detoxify” the hallucinogenic 
phenethylamines and those that may be involved in the 
mechanism of action, i.e., may be responsible for gener- 
ating active species. For a discussion of the former pro- 
cesses, the review by Castagnoli (120) is excellent. The 
latter type of metabolism is of major interest here. Also of 
interest are processes that metabolize compounds pos- 
sessing high in uitro potency but that lack whole animal 
or clinical activity. 


It was once believed that phenethylamines, particularly 
mescaline, might be active due to the formation of a me- 
tabolite (121). A recent study (122) indicated that this is 
not the case, at least for mescaline. Zweig and Castagnoli 
(27,123) also suggested that di-0-demethylation of I1 may 
generate an active metabolite that contributes to activity. 
The inability to generate significant amounts of these 
metabolites, coupled with the high observed in uitro ac- 
tivity for 11, argues against this possibility. Furthermore, 
Ho et al. (124,125) showed that I1 is oxidized primarily a t  
the methyl group in the para position, leading to the p -  
hydroxymethyl and p-carboxy species. Weinkam et al. 
(126) confirmed that the p -hydroxymethyl derivative is 
the major metabolite in rabbit liver microsome prepara- 
tions. Thus, if 0-demethylation does occur, it is very 
minor. Unfortunately, no definitive experiments have been 
carried out that would settle the issue. It is this reviewer’s 
opinion, however, that this process is not important in the 
intoxication mechanism. This seems to be the only in- 
stance where controversy presently exists regarding the 
role of an active metabolite in the activity of the phen- 
ethylamines. 


There are examples to suggest that some compounds 
possessing high affinity for in uitro receptors may lack in 
uiuo activity due to rapid metabolic inactivation. Such 
effects must be considered when developing receptor 
structure-activity relationships. Lack of in uiuo or clinical 
activity may camouflage the fact that a particular com- 
pound actually possesses high intrinsic activity at a re- 
ceptor site. 


Charalampous et al. (127) showed that the half-life of 
mescaline in humans is -6 hr. By contrast, the inactive 
3,4-dimethoxyphenethylamine is metabolized extensively, 
with a half-life of <1 hr (128). This result is consistent with 
the other findings (75) that phenethylamines with more 
than three methoxy groups are not deaminated in uiuo. 


As was mentioned under Aromatic Substituents, 
functions in the para position that are resistant to me- 
tabolism give more potent compounds, Since deamination 
is a minor metabolic pathway in humans, increased resis- 
tance of the aromatic ring and its substituents to metab- 
olism will certainly affect activity. The most obvious result 
will be an increased biological half-life and consequent 
duration of action. 


In 3,4-dimethoxyamphetamine, the 4-methoxy group 
is about 15 times more extensively 0-demethylated than 
the 3-methoxy group (129). Likewise, in 2,4,5-trimethoxy- 
amphetamine, 0-demethylation at  the 4-position is about 
twice that a t  the 5-position and nearly three times that of 
the 2-methoxy group (130). With a p-alkyl, Ho et al. (125) 
found that the p-methyl group of I1 is oxidized progres- 
sively to the carboxy group. Tansey et al. (131) studied the 
metabolism of the p-ethyl homolog of I1 and reported that 
the benzylic carbon of the p-ethyl group was hydroxylated 
but much more slowly than the methyl of 11. Finally, with 
a halogen in the para position, such as in the bromine ho- 
molog of 11, no organic bromide was detectable in the urine 
following administration to humans (132). The stability 
of the p-halogen group, either as bromine or iodine, led to 
investigation of the utility of these compounds as brain- 
imaging radiopharmaceuticals (133). 


ACTION AT MOLECULAR LEVEL 


Little is known of the mechanism of receptor interaction 
for hallucinogenic phenethylamines. However, circum- 
stantial evidence indicates that one event that occurs may 
be electron donation to the receptor to form a charge 
transfer complex. This initially was suggested by Karre- 
man et al. (134) in 1959, based on extended Huckel mo- 
Iecular orbital calculations for lysergide. Subsequent 
quantum chemical studies by several groups led to devel- 
opment of correlations between activity and energy of the 
highest occupied molecular orbital (135,136). 


Experimentally, the possible requirement for a high 
energy aromatic system was indicated by correlations be- 
tween activity and: (a) the degree of native fluorescence 
(137), ( b )  the excitation wavelength and molar absorptivity 
(138), and ( c )  the strength of the charge transfer complex 
between substituted phenethylamines and 1,4-dinitro- 
benzene (139). Furthermore, Domelsmith and Houk (140) 
observed good correlation between human activity and 
experimentally measured energy of the first aromatic 
ionization potential in the gas phase. Ionization potentials 
are well correlated with the highest occupied molecular 
orbital. 


Dipaolo et al. (141) carried out model interaction cal- 
culations for phenethylamines using 3-methylindole as the 
interacting species. Using CNDO calculations, they re- 
ported a correlation between human activity and inter- 
action energy. However, this study only included inter- 
actions between the aromatic ring of the phenethylamines 
and the six-membered ring of indole. 
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Green et al, (142), using a more rigorous theoretical 
approach, calculated several electronic parameters for 
tryptamines. High frontier electron density at  the 4- and 
5-positions of the tryptamines appears to be well correlated 
with activity. Assuming that tryptamines and pheneth- 
ylamines possess a similar mechanism of action implies 
that charge transfer complexation may be a possible re- 
ceptor interaction for hallucinogens in general. 


The biological activities for XII-XVII were discussed 
under Steric Effects. Decreased activity (or inactivity) of 
compounds with steric bulk protruding toward both faces 
of the molecule also is consistent with the formation of an 
electron donor-acceptor complex as a component of the 
molecular mechanism of action. Charton (143) pointed out 
the importance of such effects in model systems where 
bulky groups were attached to the donor molecule. 


However, Glennon et al. (44) recently suggested that, 
depending on the aromatic substitution pattern, phen- 
ethylamines may orient differently upon binding to the 
receptor. That is, depending on the particular substituents 
possessed by the phenethylamine, it may bind in either 
binding orientation A or binding orientation B. If so, in- 
terpretation of structure-activity relationships at  the 
molecular level may be very difficult. 


Although all of the hallucinogens possess a basic nitro- 
gen atom, there is little apparent dependence on basicity. 
Whereas lysergide or substituted phenylcyclopropyl- 
amines have pKa values of -8-8.3, the phenethylamines 
or substituted amphetamines have higher pKa values, at  
-9.4-9.8. Weinstein et al. (144) suggested that the amine 
undergoes deprotonation upon binding and that quantum 
chemical calculations of the bound species are carried out 
more properly when the amino is considered to be non- 
protonated. Although this concept has not been verified 
experimentally, lower pKa values would facilitate depro- 
tonation. Of course, one should also be aware that less basic 
amines also are less highly ionized a t  physiological pH. 
This fact normally will lead to brain levels that are higher 
than for a more basic amine. 


At  present, little else in the way of a molecular mecha- 
nism of action can be safely concluded. This situation is 
certainly not unique to the hallucinogens. Nevertheless, 
the multiplicity of pharmacological actions and the sub- 
jective nature of the effects they produce make studies 
difficult at the molecular level. Experiments aimed at  
defining these receptor interactions must be carefully 
designed and cautiously interpreted. 


CONCLUSIONS 


The preceding sections dealt with various aspects of the 
nature and conformation of aromatic ring substituents and 
the side chain in the hallucinogenic phenethylamines. 
Although these empirical structure-activity relationships 
can be described, there is at  present no clear rationale for 
many of them. Certainly the mechanisms at  the receptor 
level are unknown. The multiplicity of actions these 
compounds have on monoaminergic systems have made 
their study very difficult. Furthermore, structure-activity 
relationships that define these multiple actions have not 
been approached. 


Some may question whether it is realistic to expect any 
structural congruence between phenethylamines and 


tryptamines to emerge. However, this hypothesis has been 
the guiding principle of much of the recent work with 
phenethylamines. If a clear structural-functional rela- 
tionship between the phenethylamines and the trypt- 
amines could be identified, one would have the molecular 
pharmacology equivalent of a series of simultaneous 
equations. Reactive and functional sites in the two series 
could be studied in parallel. Quantum chemical compari- 
sons would be most interesting. It may be justified to 
speculate that such findings would lead to important in- 
sights into fundamental receptor activation mecha- 
nisms. 


The reality is that we are still some distance from such 
a unified theory. Nevertheless, significant progress has 
been made in the past 10 years in defining the importance 
to activity of various structural and physicochemical pa- 
rameters within the phenethylamines. It is perhaps un- 
fortunate that research interest in this fascinating class of 
compounds is limited to so few laboratories. 
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Abstract Solubilities are reported for benzoic acid at  25.0" in binary 
mixtures of carbon tetrachloride with cyclohexane, n-hexane, or n- 
heptane and of cyclohexane with n-hexane or n-heptane and in ternary 
mixtures of carbon tetrachloride-cyclohexane-n-hexane and carbon 
tetrachloride-cyclohexane-n -heptane. Solubilities also are reported for 
benzoic acid in some binary solvents at  30.0" and for rn-toluic acid in 
binary mixtures of cyclohexane and n-hexane a t  25.0". The results are 
compared to the predictions of equations developed previously for sol- 
ubility in systems of purely nonspecific interactions, with the benzoic 
acids considered as either monomeric or dimeric molecules in solution. 
The dimer model gave more accurate predictions, with a maximum de- 
viation of 4.4% between observed and predicted solubilities in all systems 
studied. Solubility maxima were predicted and observed for benzoic and 
m-toluic acids in cyclohexane-n-hexane and for benzoic acid in cyclo- 
hexane-n-heptane. The application of these solubility relationships to 
liquid-liquid partition coefficients is discussed. 
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solvents, monomer and dimer models 0 Thermochemistry-monomer 
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ternary solvents 


The use of mixed solvents for influencing solubility and 
multiphase partitioning has great potential application in 
pharmaceutical research. Maximum realization of this 
potential depends on the development of equations that 
predict solubilities or partition coefficients in mixed sol- 
vents from the properties of the individual components. 
This study continued the testing (1-4) of applications and 
limitations of the nearly ideal binary solvent (NIBS) model 
for predicting solution enthalpies (1,2), solubilities (3), and 
gas-liquid partition coefficients (4) of solutes in binary 
solvent mixtures relative to their properties in pure sol- 
vents. 


BACKGROUND 


The NIBS model predicts that any partial molar thermodynamic ex- 
cess property of a solute at  infinite dilution in a binary solvent is a volume 
fraction average (a weighted mole fraction average gives somewhat better 
predictions for solution enthalpies) of its properties a t  infinite dilution 
in a pure solvent, with a correction for solvent "unmixing" by the presence 
of the solute. This model gives good predictions for solute properties in 
systems of nonspecific interactions, but it fails for systems with specific 
solvent-solvent or solvent-solute interactions. The solubility equations 
have been successfully applied to solubilities as high as 0.3 mole fraction 
(3) for solutes that do not self-associate or form solvent-solute com- 
plexes. 


Benzoic acid presents an interesting test for these equations because 
of its very strong self-association in "inert" solvents, even at high dilution. 
Calculations with reported dimerization constants in cyclohexane (5), 
carbon tetrachloride (5,6), and benzene (5,7,8) indicate that <4% of the 
benzoic acid molecules are monomers a t  saturation a t  25". Thus, this 
approach should give relatively poor predictions of the solubility of 
benzoic acid in terms of a monomer model, but it has a reasonable chance 
of success if a dimer model is used. 


The dimer model may be an oversimplification, however, since 
Krishnan et al. (8) presented evidence for trimers of benzoic acid in 
benzene. The reported equilibrium constants for benzoic acid at  satu- 
ration in benzene a t  25" led to estimates that 2.5% of the benzoic acid 
molecules are monomers, 66% are dimers, and the remainder are trimers. 
To  avoid the complications of trimeric forms, the present study was 
confined to solvents in which benzoic acid is considerably less soluble than 
in benzene. 


During this work, the nearly ideal binary solvent model was found to 
predict maxima for benzoic acid solubility in mixtures of cyclohexane 
with n-hexane or n-heptane. Such maxima are usually explained with 
solubility parameter theory (9) in terms of the solubility parameter of 
the solute lying between the solubility parameters of the solvents. 
However, all estimates of the solubility parameters of benzoic acid 
monomers or dimers give values greater than any of the solvents studied, 
so these measurements provide a test of the more general applicability 
of the present approach. Similar predictions for maximum solubility of 
m-toluic acid also were tested. 


The equations for solubility in binary solvents were expanded to in- 
clude ternary solvents. Since these equations require excess free energy 
data (data that are often not available), an approximation was developed 
from the original nearly ideal binary solvent model for estimating the 
excess properties of a multicomponent system from the properties of the 
contributing binary systems. The resultant equations give good predic- 
tions for the solubility of benzoic acid in two simple ternary solvents. 


EXPERIMENTAL 


Benzoic acid (99%) was dried at  60" for several hours, mp 122.5 f 0.5' 
[lit. (10) mp 122.4"]. rn-Toluic acid (99%) was recrystallized twice from 
aqueous ethanol and dried at  80°, mp 109.5 f 0.5" [lit. (10) mp 111-113'1. 
The recrystallized acid was titrated to a thymol blue end-point with 
freshly standardized sodium methoxide solution by the method of Fritz 
and Lisicki ( l l ) ,  except toluene was substituted for benzene. The purity 
of the m-toluic acid was calculated to be 100.1 f 0.5%. Cyclohexane 
(99+%), n-heptane (99+%), and n-hexane (99%) were stored over mo- 
lecular sieves (Type 4A) and distilled shortly before use. Carbon tetra- 
chloride (99+%) was purified by the method of Scatchard et al. (121, 
stored in contact with mercury under an argon atmosphere, and distilled 
shortly before use. 


Solvent mixtures were prepared by weight with sufficient accuracy to 
allow calculation of compositions to 0.0001 mole fraction. Solvents and 
excess carboxylic acid were placed in brown glass containers and allowed 
to equilibrate in a constant-temperature bath at  25.00 f 0.01 or 30.00 f 
0.01", maintained constant to f0.002", for several days. The attainment 
of equilibrium was verified by repetitive measurements after several 


Table I-Solubilities of Benzoic Acid and m-Toluic Acid in P u r e  
Solvents 


Solute(s) Solvent Temperature 102 x:*t 
Benzoic acid C-CKHII 


cc1; 
m-Toluic acid c-CgH12 


n-C6H14 
a Reference 15. Reference 16. 


25.0' 
30.0" 
25.0' 
30.0" 
25.0" 
30.0" 
25.0" 
30.0" 
25.0" 
25.0' 


1.15 
1.46 (1.43a) 
1.00 
1.26 
1.14 
1.47 
4.92 (4.9gb) 
5.98 
1.27 
1.17 


0022-35491 8110900-1033$01.00/0 
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Table 11-Solubility of Benzoic Acid in Binary Solvents at 25.0 and 30.0': Comparison of the Predictions of Monomer and Dimer 
Models in Eqs. 1 and 2 


Percent Deviation Percent Deviation 
Solvent Solvent (Monomer Model) b ,  (Dimer Model) 


Temperature 1 2 XP 102 xya Eq. 1 or 2 Eq. 1 Eq. 2 


25.0' C-C~HIZ CC4 0.1847 
0.3681 
0.5207 
0.6226 


30.0" 


25.0' 


30.0" 


25.0" 


CC4 


0.8084 
25.0" n-C7Hl6 ccl4 0.1784 


0.2303 
0.3348 
0.3930 
0.3932 
0.4708 
0.5433 
0.7013 
0.2421 
0.4269 
0.6237 
0.7346 
0.1550 
0.3419 
0.4408 
0.5951 
0.8028 
0.2255 
0.3078 
0.4556 
0.6438 
0.7564 
0.2573 
0.4699 
0.5342 
0.6566 
0.8044 


30.0" C-CsHlz n-C6H14 0.2341 
0.2845 
0.5059 
0.6670 
0.7821 


25.0' C-CsHlz n-C7H16 0.2781 
0.4602 
0.5713 
0.6825 
0.8142 


3.89 
3.07 
2.46 
2.12 
1.56 
3.75 
3.47 
2.95 
2.70 
2.69 
2.40 
2.14 
1.70 
4.23 
3.22 
2.41 
2.06 
3.95 
2.97 
2.51 
1.95 
1.37 
4.83 
3.91 
3.04 
2.26 
1.85 
1.08 
1.13 
1.15 
1.18 
1.17 
1.36 
1.38 
1.46 
1.50 
1.51 
1.19 
1.21 
1.21 
1.22 
1.19 


-4.3 
-8.1 
-8.2 
-8.0 
-4.2 
-6.5 
-7.9 
-8.9 
-9.2 
-9.0 
-9.0 
-7.8 
-5.8 
-8.4 
-9.6 
-7.6 
-5.3 
-6.4 


-10.4 
-10.4 
-9.4 
-4.9 
-9.6 


-10.8 
-11.0 
-9.1 
-6.5 
-1.8 
-3.0 
-4.1 
-4.9 
-2.6 
-2.8 
-3.2 
-4.8 
-5.1 
-4.4 
-2.1 
-3.0 
-3.2 
-4.0 
-2.2 


-0.9 
-3.5 
-3.3 
-4.0 
-1.6 
-1.6 
-2.1 
-2.5 
-2.7 
-2.5 
-2.8 
-2.0 
-1.4 
-2.5 
-3.2 
-2.6 
-1.5 
-1.5 
-3.1 
-2.7 
-2.7 
-1.1 
-2.9 
-3.5 
-3.4 
-2.2 
-2.0 


0.0 
0.0 


-0.9 
-1.6 


0.0 
-0.9 
-1.1 
-1.8 
-2.0 
-1.8 
-0.3 
-0.6 
-1.0 
-1.7 
-0.6 


-0.9 
-3.5 
-3.3 
-4.0 
-1.6 
-1.2 
-1.0 
-0.5 
-1.4 
-1.2 
-1.4 
-0.6 
-0.4 
-1.4 
-1.8 
-1.4 
-0.8 
-1.1 
-2.3 
-1.9 
-2.0 
-0.7 
-2.4 
-2.9 
-2.7 
-1.5 
-1.5 
+0.3 
+0.5 
-0.5 
-1.3 
+0.2 
-0.7 
-0.9 
-1.4 
-1.7 
-1.5 
+0.2 
+0.1 


0.0 
-1.0 
-0.1 


a X.Ut is calculated as if the solute is monomeric. Percent deviation = 100 In ( X ~ t ) c ~ J ( X ~ t ) o ~ ,  


additional days. Acid solubility was determined by transferring a weight 
aliquot through a coarse filter into a flask containing blank nonaqueous 
titration solvent. The solutions were titrated with freshly standardized 
sodium methoxide solution to the thymol blue end-point, giving solu- 
bilities reproducible to within 1%. 


Solubilities in pure solvents (Table I), in binary solvents (Tables I1 and 
III), and in ternary solvents (Table IV) are reported as formal mole 
fractions, calculated as though the solute were monomeric, and solvent 
compositions (Xp) are calculated as if the solute were not present. Table 
I results are in good agreement with previously reported values. 


DISCUSSION 


Monomer and Dimer Models for Solubility in Binary Sol- 
vents-The following two equations for solubility in systems of non- 
specific interactions were developed from the general equation (3), de- 
pending on whether a regular solution model (Eq. 1) or Flory-Huggins 
model (Eq. 2) is used: 


RT ln(ar'id/XS,Bt) = (1 - +Yt)2[+Y(AC:&1 


+ @(AG:)&=1 - Vs(XpV1 + X:Vz)-'(AP12)] (Eq. 1) 
- 


( cxpv, vs + X F 2 )  11 RT l n ( a ~ ' i d / @ ~ t )  - (1 - @.8QBt) 1 - 


= (1 - +.Spa')2[+P(AiCrf"'&=1 + +,~(A@)&I 
- 


1 
- Vs(XpV1 + XqVz)-'(AC{$)] (Eq. 2) 


in which Ti is the molar volume of a pure liquid, Xi is the mole fraction, 
9i is the volume fraction, AP,, is the molar excess Gibbs free energy of 


the mixed solvent, and: 


AC{$ = AGel2 + RT[ln(XqV1+ XgVz) - XP ln(V1) - Xg ln(Vz)] 
(Eq. 3) 


The superscript (O) indicates that the solvent mole fraction or volume 
fraction is calculated as if the solute were not present. The activity of the 
solid solute (a?'id), relative to the supercooled liquid (also equal to the 
mole fraction solubility in an ideal solution), can be calculated from the 
melting point (T,) and the molar enthalpy of fusion (AH?): 


ln(ayiid) = 1 (AH?/RT2) dT (Eq. 4) 


The use of these equations for solubility predictions in mixed solvents 
is as follows. The quantities (AG)~,L~ or (AC[h)&l are calculated from 
the mole fraction or volume fraction solubility of the solute in the pure 
solvents (the asterisk indicates that these are approximations of infinite 
dilution properties). Then these properties are used in the appropriate 
equation to calculate the solubility as X.Spat or +.Spat in a solvent mixture, 
using a reiterative process. The quantity (1 - +.Spat) is taken as unity in 


Table 111-Solubility of m-Toluic Acid in Cyclohexane ( 1 )  + n-Hexane at 25" 


T 


T, 


Percent Deviation Percent Deviation 
(Monomer Model), (Dimer Model) 


xp 102X.Spat Eq. 1 or 2 Eq. 1 Eq. 2 


0.2380 1.27 -4.3 -2.0 -1.7 
0.4028 1.33 -6.4 -3.0 -2.6 
0.6121 1.37 -7.2 -3.3 -2.8 
0.8239 1.36 -5.6 -2.8 -2.5 
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Table IV-Solubility of Benzoic Acid in  Ternary Solvents at 25.0": Comparison of Predictions of the Dimer Model in Eqs. 13 and 14 


Percent Deviation 
(Dimer Model) 


Solvent I Solvent 2 Solvent 3 X? XS 102 XYt Eq. 13 Eq. 14 


0.1109 
0.2099 
0.1903 
0.3084 
0.4225 
0.5273 
0.6766 
0.1144 
0.1891 
0.1795 
0.2216 
0.3205 
0.4754 
0.5426 
0.6973 


0.4951 
0.1836 
0.6665 
0.3713 
0.4807 
0.1011 
0.1774 
0.5450 
0.2337 
0.6927 
0.1952 
0.3927 
0.4457 
0.0991 
0.1740 


1.37 
1.50 
1.58 
1.86 
2.27 
2.49 
3.20 
1.41 
1.54 
1.56 
1.60 
1.90 
2.43 
2.55 
3.26 


the first approximation, and convergence is rapid unless the solubility 
is quite large. 


Applications of the monomer and dimer models to these equations are 
straightforward, taking the molecular weight, molar volume, and molar 
enthalpy of fusion of the dimer to be exactly twice the values for the 
monomer1, and lead to the relationships: 


(a$'id) = (u",""~)~, ss = dimer (Eq. 5) 


(Eq. 6) 


v,, = 2v3 (Eq. 7) 


@g = @P","t (Eq. 8) 


Activities and molar volumes used in these calculations are given in 
Table V. The same molar volumes are used for calculations at 25 and 30' 
since, in the original equations, molar volumes are used as approximations 
of temperature-independent parameters. The major difference between 
the monomer and dimer models appears to be due to the different values 
calculated for the activity of the solid; while important for absolute 
predictions of solubilities, this effect is relatively unimportant for pre- 
dictions of solubility in mixed solvents from values in pure solvents. For 
example, the predictions of Eqs. 1 and 2 are completely independent of 
the value assigned to the activity of the solid for solutes of very low sol- 
ubility. The important difference between these models is in the ratio 
of the molar volume of the solute to that of the solvent, operating on the 
excess free energy of solvent mixing. 


The results of calculations with monomer and dimer models in Eqs. 
1 and 2 are given in Tables I1 and I11 as percentage deviations between 
calculated and observed values. The dimer model is definitely superior 
to the monomer model, and Eq. 2 is slightly more accurate than Eq. 1 for 
benzoic acid and rn-toluic acid in these systems. While none of these 
models gives predictions within experimental uncertainty for these so- 
lutes, the accuracy of the dimer model is comparable to that of the 
monomer model for solutes such as iodine, naphthalene, and benzil, which 
are not considered to be capable of self-association. The limitation here 
appears to be due to the very simple solution model on which the equa- 
tions are based rather than on the exact description of the chemical 
species in solution. The monomer model, however, is such a poor de- 
scription of the real condition of carboxylic acid solutions that predictions 
are limited by the accuracy of the description. 


Solubility in Multicomponent Solvents-Rigorous development 
of the multicomponent forms of Eqs. 1 and 2 from the original model (3) 
leads to equations containing the excess free energy (A@ . . . N )  of the 
multicomponent system. Since data of this type are available for very few 
ternary systems and fewer systems of higher order, an approximation is 
necessary. The following equations, based on the original model, give very 
good predictions for simple multicomponent systems (13): 


X$ = X y ( 2  - xyt )  
- 


N-1 N 
(A?lc{h.. , N) = x (Xp + XT)(@p + +Y)(AG{?)* (Eq. 10) 


i = l  ji 


1 The enthalpy of fusion is actually for the transition of the solid to a mixture of 
monomers and dimers; but for consistency in these calculations, the melt is con- 
sidered to be completely monomeric for the monomer model and completely dimeric 
for the dimer model. 


-1.5 
-2.5 
-2.2 
-1.2 
-4.4 
-4.0 
-2.9 
-1.3 
-2.1 
-2.6 
-1.8 
-2.8 
-3.6 
-4.1 
-2.6 


-1.2 
-2.0 
-1.9 
-3.3 
-4.3 
-3.2 
-1.6 
+0.8 
-1.1 
-2.1 
-0.8 
-1.8 
-3.2 
-2.8 
-1.9 


with: 


XI = xp/(xp + X?) (Eq. 11) 


(AC$)* = (AR,)* + RT[ln(Xfvi + X;vj) - Xfln(vi) - X;ln(v,)] 
(Eq. 12) 


and (AEf,)* is the excess Gibbs free energy of the binary solvent mixture 
a t  composition X;. The solubility equations for a solid solute then be- 
come: 


1 i=l  1 
and: 


with 


(Eq. 15) 


These equations, while unfortunately rather complex, are rigorous 
within the model and are easily adaptable to computerized calculations. 
An important feature of Eqs. 9 and 10 is the ability to use binary data in 
any form, independent of the form of the equation by which the hinary 
data may be represented. As previously noted (4), the contribution of the 
binary or multicomponent mixing term may be negligible if the system 
is nearly ideal and the molar volume of the solute is small in comparison 


Table V-Solvent and Solute Properties Used in Calculations 


Solute 
Benzoic acid (monomer) 


Benzoic acid (dimer) 


rn-Toluic acid (monomer) 
rn-Toluic acid (dimer) 


Carbon tetrachloride 
Cyclohexane 
n-Hexane 
n-Heptane 


Solvent 


Temperature 


25' 
30' 
25' 
30a 
25' 
25' 


.?lid 


0.2275" 
0.2468" 
0.0518 
0.0609 
0.2489b 
0.0620 


- 
- 
- 
- 


- 
Vi , cmVmole 


104.38" 
104.38 
208.76 
208.76 
1 2 1 . 8 C  
243.6 


97.08 
108.76 
131.57 
147.48 


Solvent Mixture (ARz) 
C-CsHlz 4- Cc1.l Ref. 17 
n-C&4 + CC4 Ref. 18 
n-C7H16 + ccl4 Ref. 19 
C-CsHlz + n-C6H14 Ref. 20 
c-CgH12 + n-C7H16 Ref. 21 


Reference 22. * Estimated from data in Ref. 10. Estimated by approximating 
the difference between the molar volumes of rn-toluic acid and benzoic acid as the 
difference between toluene and benzene. The excess Gibbs free energy was as- 
sumed to be the same at 25 and 30'. 
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to the solvents. Large solute molecules magnify the contribution of the 
unmixing term and, in the application to multicomponent solvents, also 
magnify the errors in the approximations of Eqs. 9 and 10. Thus, Eqs. 
13 and 14 can be expected to become increasingly less accurate with in- 
creasing complexity of the solvent mixture. For the simple ternary sol- 
vents studied, the dimer model predicts solubilities of benzoic acid as 
accurately as in binary solvents. The results of calculations with the 
monomer model are not shown since they were very similar to results for 
binary systems and considerably less accurate than those of the dimer 
model. 


The authors have serious doubts about the applicability of these 
equations to the solubility of benzoic acids in mixtures of aromatic and 
aliphatic solvents, partly because of the possible existence of trimers in 
aromatic solvents. Of more concern, however, is the possibility of specific 
T--X interactions between the solvent and solute, which would violate the 
basic assumptions of the NIBS model. 


CONCLUSIONS 


The dimer model of the nearly ideal binary solvent equation gives very 
good predictions for the solubility of benzoic and m-toluic acids in these 
simple solvent mixtures and should be equally applicable to solubilities 
of most monofunctional carboxylic acids in multicomponent systems of 
nonspecific solvent-solvent and solvent-solute interactions. The solu- 
bility of solid phenol in systems of this type is expected to obey similar 
equations based on a trimer model (14), but the solubility of gaseous 
phenol a t  high dilution (or the Henry’s law constant) should be best de- 
scribed by a monomer model. Extraction equilibria present an interesting 
case in that the appropriate model may depend on the concentration 
range studied. 


The nearly ideal binary solvent equations cannot be rigorously de- 
veloped for liquid-liquid extraction in systems of practical importance 
because of the thermodynamic complexity of these systems, but equations 
developed for idealized systems may have some practical applicability. 
The simplest system of this type involves the distribution of a solute 
between two completely immiscible liquid phases, one phase consisting 
of a mixture of solvents and a reference phase in which the activity 
coefficient of the solute may be expected to remain fairly constant over 
the concentration range studied. For solutions sufficiently dilute to allow 
approximation of (1 - @$) as unity, Eq. 2 becomes: 


N 


i=l 
In(K,), = 1 In(K,)xp=1+ (V.JV,,ART)-~(AC{~. . . N )  


(Eq. 16) 


with the distribution coefficient (K,) based on molar (moles per liter) 
concentrations (Cs): 


K ) r n  = (Cs)m/(Cs)reference (Eq. 17) 
The distribution of benzoic acid between water (reference) and Fixtures 
of inert solvents should be best described by a dimer model ( V  = 209 


cm3/mole) a t  high concentrations and by a monomer model (v8 = 104 
cm3/mole) in very dilute solutions. Experiments are being conducted to 
determine whether the presence of water in the organic phase interferes 
with these predictions. 
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Table IX-Extent of Complex Formation between 3.4- 
Dimethylphenol and Ethyl Myristate Determined by 
Partitioning Study 


1. 


Total Concentration 
of 3,4-Dimethylphenol, Partition [DMPcOmpl 


X lo2 M Coefficient [DMPol 


0 
1.53 
3.07 
6.14 
9.21 


15.03 
30.00 


1.37 
1.73 
1.96 
2.61 ~~ 


3.31 
4.57 
7.94 


- 
0.27 
0.43 
0.91 
1.43 
2.35 
4.83 


for various cosolvent systems, and each showed a straight-line relation- 
ship between the two parameters (Fig. 4). The stability constants, K1:1 
and KI:~,  for each ester were calculated from Fig. 4 and are shown in Table 
VII. It is evident from these results that 4-hexylresorcinol forms not only 
1:l but also 1:2 complexes with esters in hexane. The stability constant 
values obtained for ethyl myristate were somewhat higher than those for 
the other esters. This result is probably due to the fact that ethyl my- 
ristate has a larger hydrocarbon chain, which results in a better interac- 
tion with the hydrophobic portion of phenols. 


To ascertain whether the formation of 1:2 complexes is due to the in- 
volvement of the two hydroxy groups of 4-hexylresorcinol, the parti- 
tioning study was repeated with 3,4-dimethylphenol. The data obtained 
from this study are shown in Tables VIII-X. A plot of [DMP,,,,]/ 


Table X-Extent of Complex Formation between 3,4- 
Dimethylphenol and Ethyl Pivalate Determined by Partitioning 
Study 


Total Concentration 
of 3,4-Dimethylphenol, Partition PMPcompl 


X lo2 M Coefficient [DMPol 


0 
3.82 
7.68 


15.36 . ~~ 


23.04 
38.40 


1.37 
1.78 
2.33 
3.33 
4.32 
6.63 


- 
0.30 
0.70 
1.44 
2.17 
3.86 


0 10 20 30 40 50 60 
CONCENTRATION OF TOTAL ESTER, 


LET], IN HEXANE, X 10*M 
Figure 5-Plot of [DMP,,,,]IIDMPfreJIE~] as a function of the total 
ester concentration, [ET], in hexane; [DMPc,,,I and [DMPfreel rep- 
resent the concentrations of complexed and free forms of 3,4-dimeth- 
ylphenol, respectively. ([DMPc,,,1 = [DMPT] - [DMPd). Key: B, 
ethyl acetate; 0,  ethyl myristate; and A, ethyl pivalate. 


[DMPo][ET] versus the total ester concentration is shown in Fig. 5; 
[DMPcomp] is the concentration of 3,4-dimethylphenol in the complex 
form, and [DMPo] is the concentration of the free form. 


As seen in Fig. 5, the monohydroxy compound forms only a 1:l complex 
with the esters. The stability constants calculated from Fig. 5 are given 
in Table VII. The results of this study substantiate the conclusion that 
the diffusion of 4-hexylresorcinol through ethylene-vinyl acetate co- 
polymers involved the formation of 1:l and 1:2 complexes between the 
drug and the vinyl acetate portion of the copolymers. 
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Abstract 0 The chemical stability of 5-aza-2’-deoxycytidine (I) in acidic, 
neutral, and alkaline solutions was analyzed by high-performance liquid 
chromatography. In alkaline solution, I underwent rapid reversible de- 
composition to N-(formylamidino)-N’-~-~-2-deoxyribofuranosylurea 
(II), which decomposed irreversibly to form l-P-D-2’-deoxyribofurano- 
syl-3-guanylurea (111). The pseudo-first-order rate constants for this 
reaction were determined. The decomposition of I in alkaline solution 
was identical to that reported previously for the related analog, 5-aza- 
cytidine. However, in neutral solution (or water), there was a marked 
difference in the decomposition of I and 5-azacytidine. The same de- 
compoeition products were formed from 5-azacytidine in neutral solution 


as in alkaline solution. However, in neutral solution, I decomposed to I1 
and three unknown compounds that were chromophoric at 254 nm. 
Compound I was most stable when stored in neutral solution at low 
temperature. 


Keyphrases 5-Aza-2’-deoxycytidine-analysis of chemical stability 
using high-performance liquid chromatography 0 Antileukemic 
agents-5-aza-2’-deoxycytidine, analysis of chemical stability using 
high-performance liquid chromatography 0 High-performance liquid 
chromatography-analysis of chemical stability of 5-aza-2’-deoxycyti- 
dine 


5-Aza-2‘-deoxycytidine (I), a nucleoside antimetabolite, 
is a very active antileukemic agent in mice (1, 2) and a 
potent cytotoxic agent against neoplastic cells in uitro (2, 


3). This antimetabolite is related to 5-azacytidine, an agent 
currently used in the clinical treatment of acute leukemia 
(4). 
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Scheme I 
111 


BACKGROUND 


One major problem encountered in the clinical formulation of 5-aza- 
cytidine is its chemical instability, leading to solutions of decreasing 
potency on storage. The chemical stability of 5-azacytidine was first 
studied by Pithovst et el. (5), who demonstrated that in alkaline solution 
the triazine ring of 5-azacytidine opens and loses a formyl group to form 
l-~-D-ribofuranosyl-3-guanylurea. These workers proposed that the 
intermediate compound in this reaction was N-(formylamidino)-N’- 
P-D-ribofuranosylurea, but they were unable to isolate it using paper 
chromatography because of its chemical instability. Beisler (6), using 
high-performance liquid chromatography (HPLC), isolated and identi- 
fied this intermediate compound and showed that it could be partially 
converted back to 5-azacytidine. 


The chemical decomposition of I at alkaline pH (Scheme I) presumably 
follows the same reaction steps as described previously for 5-azacytidine. 
In alkaline solutions, I undergoes a reversible hydrolytic reaction to form 
N-(formylamidino)-N’-P-D-Z-deoxyribofuranosylurea (II), which, by 
the irreversible loss of the formyl group, forms l-P-D-2’-deoxyribofura- 
nosyl-3-guanylurea (111). 


The present study investigated the decomposition of I in acidic, neu- 
tral, and alkaline solutions and at different temperatures to illustrate the 
chemical stability of this compound. 


EXPERIMENTAL 


5-Aza-2’-deoxycytidine (I) was synthesizedl by modification of an 
earlier method (7). 


Method of Analysis-HPLC2 was performed with a variable-wave- 
length detector by monitoring at  220 or 254 nm. Analytical and prepar- 
ative work was accomplished with a 300 X 3.9-mm i.d. commercially 
packed octadecylsilane column3, which was eluted at a flow rate of 2 
ml/min with 10 mM potassium phosphate buffer (pH 6.8). For analytical 
and preparative work, 20- and 500-pl injector loops, respectively, were 
used. 


Stock solutions of 10 mM I in water were stored at  -70’. Aliquots of 
this solution were thawed quickly and stored at 1-2’. The following 
buffers were used for the pH stability studies: phosphoric acid, pH 2.2; 
phosphoric acid-potassium phosphate, pH 3.2; sodium acetate buffer, 
pH 4.5 and 5.7; potassium phosphate buffer, pH 6.4 and 7.0; and sodium 
borate, pH 8.5,9.2,9.8, and 10.4. Compound I1 was prepared by addition 
of 20 pl of 0.5 M sodium borate, pH 10.4, to a 1.0-ml solution of 10 mM 
I. The mixture was incubated for 2 min at 24’ and then neutralized with 
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Figure 1-Decomposition of I at pH 10.4 and 24’. Compound I (1.0 
mM) was dissolved in 10 mM borate buffer (pH 10.4). At the indicated 
times, an aliquot of the solution was neutralized with phosphate buffer 
dnd analyzed by HPLC at 254 and 220 nm. 


20 fi1 of 1.0 M KH~POI, and a 500-~1 sample was injected onto the column 
for- isolation of 11: 


Kinetic ExDeriments-A series of tubes containing 10 nl of 0.5 M 
stock sodium borate buffer were incubated at 37’ for 16 min. Then 100 
pl of isolated I1 (in 10 mM potassium phosphate, pH 6.8) was added to 
each tube to start the reaction. A t  timed intervals, an aliquot was with- 
drawn, and 20 p1 was injected onto the column. The absorbance at 220 
nm was recorded, and the relative concentration of the observed degra- 
dation products was characterized by peak heights. Similar experimental 
procedures were followed for the kinetic study on 5-azacytidine4. 


RESULTS 


The decomposition of I at  pH 10.4 and 24O as determined by HPLC 
is shown in Fig. 1. Measurement of the absorbance of the column eluate 
a t  254 nm initially showed a single major peak (I) with a tR value of 5.5 
min. With time, a second peak (11) appeared with a tg value of 6.6 min. 
Both peaks showed a gradual decrease in peak size with time. At 220 nm, 
the column eluate initially showed a single major peak (I) with a t R  = 5.5 
min. With time, peak I1 ( t R  = 6.6 min) and peak 111 (tR = 3.5 min) became 
evident. A t  60 min, most of I decomposed to peak 111. 


Drug Synthesis and Chemistry Branch, Division of Cancer Treatment, National 
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Figure $-Conversion of I I  to I at pH 8.3,37" (A), and to unidentified compounds at p H  3.2,0" (B). Peak I I  was isolated by HPLC and placed 
in 20 mM potassium phosphate buffer (at final pH 8.3 or 3.2). At the indicated times, aliquots of this solution were analyzed by HPLC. 


When I1 was isolated and placed at pH 8.3 and 37", I appeared rapidly, 
indicating that I1 could be converted to I (Fig. 2A). However, when I1 was 
placed in an acidic solution (pH 3.2), it  did not produce I; three uniden- 
tified peaks at 254 nm were observed. The latter reaction was very rapid, 
even at 0" (Fig. 2B). 


The decomposition of I and 5-azacytidine when stored in water and 
in pH 7.4 phosphate buffer at 24' for 24 hr is compared in Fig. 3. Ab- 
sorbance measurements at 254 nm of the column eluate showed five major 
peaks for I and two major peaks for 5-azacytidine. At  220 nm, the column 
eluate showed seven major peaks for I and three major peaks for 5-aza- 
cytidine. 


5 
0 0 
cy 


w 
U z 
m 
U 


a 


2 
9 


( 


E 
9; 
N 


0 z 
m 
U 
0 
v) 
m a 


w- 


a 


0 
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The decomposition rates of I in acidic, neutral, and basic solutions at 
24 and 37" are shown in Figs. 4A and 4B, respectively. Compound I de- 
composed more rapidly at  pH 2.2,8.5, and 9.2 than at pH 5.7,6.4, and 7.0. 
The decomposition rate of I was the slowest at pH 7.0. At pH 2.2 a peak 
with the same t R  value (2.3 min) as 5-azacytosine appeared on the chro- 
matogram. The decomposition rate of I was very temperature dependent. 
For example, at pH 7.0, the decomposition rate was about sevenfold 
greater a t  37 than at  24". 


A kinetic study at  pH 8.1 and 9.5 was then carried out with I1 as the 
starting substance. According to Scheme I, the pseudo-first-order rate 
constants k l ,  k-1, and k z  were determined using the following differential 


5-AZACYTIDINE 


Omin 


IOmin. 
' H20 


pH 7.4 


I s 
c 


Figure 3-Decomposition of I and 5-azacytidine in p H  7.4 phosphate buffer and water. 5-Azacytidine (0.5 m M )  and I (0.5 m M )  were dissolved 
in 10mMpotassiumphosphate (pH 7.4) and water and incubated at 24". At the indicated times, aliquots of these solutions were analyzed by HPLC 
at 254 and 220 nm. 
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Table I-Rate Constants for the Alkaline Decomposition of I and 
5-Azacytidine at 37" 


- 1  25 


24OC 


3 7 o c  


0 5 10 15 20 25 30 35 
HOURS 


B 
Figure 4-Effect of p H  and temperature on  the stability of I. Com- 
pound I( l .0  mMj  was dissolved in 10 mM of the appropriate buffer with 
the  indicated pH and incubated at either 24O (top) or 37" (bottom). A t  
the indicated times, an  aliquot of the solution was neutralized with 
phosphate buffer and analyzed by HPLC. 


equations (8): 


Here A and B are roots of the following quadratic equation taken with 
the reverse signs: 


X2 + X ( k l +  k z  + k-1)  + k l k z  = 0 0%. 4) 


The rate constants thus obtained are presented in Table I and were used 
to generate time-concentration profiles for 1-111. Normalized experi- 
mental data obtained by HPLC were superimposed on these generated 
time-concentration profiles (Fig. 5). Similar procedures were used for 


Pseudo-First-Order Rate Constant, rnin-' 
Compound and pHa k i  k z  k-1 


5-Azacvtidine. 9.5 2.0 x 10-1 2.2 x 10-l 6.0 X lo-* 
5-AzaGtidine; 8.1 1.7 X 2.0 x lo-* 5.6 X 
I, 9.5 2.2 x 10-1 2.8 X lo-' 7.5 X lo-' 


0 The pH value was determined at 37" in a separate tube by mixing one volume 
of 0.5 M stuck sodium borate buffer with 10 volumes of 10 mM potassium phosphate 
(pH 6.8). 


0 20 40 60 80 100 
MINUTES 


Figure 5-Time-concentration profile of  decomposition for I at pH 9.5 
and 3 7 O .  Key: A, normalized data for  I ;  ., normalized data for II; and 
0, normalized data for III .  Solid lines were generated by computer for 
A, ., and 0 using rate constants determined independently. 


the kinetic study of 5-azacytidine, and the results are shown in Table I 
and Figs. 6 and 7. 


DISCUSSION 


The hydrolysis of 5-azacytidine in alkaline solution and water results 
in the opening of the triazine ring between C-6 and N-1 to form N- 
(formylamidino)-N'-&D-ribofuranosylurea in a reversible reaction; when 
this latter compound loses the formyl group, it irreversibly forms 1- 
~-D-ribofuranosyl-3-guanylurea (5,6). By using quantum chemical cal- 


0 20 40 60 80 100 
MINUTES 


Figure 6-Time-concentration profile of decomposition for 5-azacy- 
tidine at p H  9.5 and 37O. Key: A, normalized data for 5-azacytidine; ., 
normalized data for N-(formylamidinoj-N'-P-o-ribofuranosylurea; and 
0 normalized data for l-~-D-ribofuranosyl-3-guanylurea. Solid lines 
were generated by computer for A, ., and 0 using rate constants de- 
termined independently. 
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Figure 7-Time-concentration profile of decomposition for 5-azacy- 
tidine at p H  8.1 and 37’. Key: A, normalized data for 5-azacytidine; ., 
normalized data for N-(formylamidino)-N’-P-D-ribofuranosylurea; and 
0,  normalized data for l-~-D-ribofuranosyl-3-guanylurea. Solid lines 
were generated by computer for A, ., and 0 using rate constants de- 
termined independently. 


culations, it was shown (5) that the electron density a t  C-6 of 5-azacy- 
tosine is much lower than cytosine, making this position more susceptible 
to nucleophilic attack by a hydroxyl ion. 


From the structural similarity of 5-azacytidine and I, it would seem 
that I would decompose in alkaline solution according to Scheme I. This 
study supports this reaction scheme in alkaline solution. As shown in Fig. 
1, the decomposition of peak I ( t ~  = 5.5 min) a t  pH 10.4 produced peak 
I1 (tR = 6.6 min) when the column eluate was monitored at  254 nm. Peak 
I11 was not observed on this chromatogram because guanylurea deriva- 
tives are nonchromophoric a t  254 nm (5,6). 


However, a t  220 nm, peak 111 (tR = 3.5 mh) became apparent following 
the decomposition of I1 to 111. When peak I1 was isolated, it had the same 
UV,,, of 238 nm as reported previously (6) for N-(formylamidino)-N’- 
P-ribofuranosylurea. The hydrolysis of I in alkaline solution produced 
an initial increase in absorbance5 at  238 nm, supporting the formation 
of 11, since the formylguanylurea derivative has a much higher extinction 
coefficient than 5-azacytosine derivatives a t  this wavelength (6). The 
conversion of I1 to I (Fig. 2A) indicates that this reaction is reversible, 
which is in agreement with other observations (5,6) for 5-azacytidine. 


There were marked differences in the decomposition of I and 5-aza- 
cytidine in phosphate buffer (pH 7.4) and water (Fig. 3). In these solvents, 
5-azacytidine decomposed to form formylguanylurea and guanylurea 
derivatives, as reported previously (6). However, the decomposition of 
I in phosphate buffer or water was very different from that of 5-azacyti- 
dine as shown by the presence of five (254 nm) and seven (220 nm) peaks 
on the chromatograms of I. Two of these peaks represent I and 11, whereas 
the other peaks were not identified. These unidentified peaks could also 
be produced rapidly by placing I1 at pH 3.2 (Fig. 2B), even at  0”. These 
unidentified compounds were not the intermediates that eventually 
formed 111, since they were not converted to 111 when placed in alkaline 
buffer, as would happen to I and I1 under the same conditions. 


Determination of the pseudo-first-order rate constants for I and 5- 
azacytidine at pH 9.5 and 37’ demonstrated that both compounds de- 
composed at  comparable rates, although the formylguanylurea derivative 
for ribose appeared to be slightly more stable than that of deoxyribose 
(Table I). A 22-fold decrease in the hydroxyl-ion concentration (pH 
9.5-8.1) reduced all three rate constants for 5-azacytidine equally by 
about 11-fold. Lowering the pH from 9.5 to 8.1 also greatly reduced the 
conversion rate of 11 to I and to  111 (Figs. 5 and 8). The kinetic data ob- 
tained for I at pH 8.1 did not quite fit in Eqs. 1-3 because apparently some 
of the decomposition did not follow Scheme I precisely due to the for- 
mation of minor unidentified peaks. Thus the rate constants were not 
determined. These unidentified peaks became increasingly prominent 
as the pH was lowered, and there was virtually no conversion of I1 to I at 
pH <4.6. (Fig. 2B). 


1 I I I I I 


60 80 100 120 0 20 40 
O L  I 


MINUTES 
Figure 8-Time-concentration profile of decomposition for I at pH 8.1 
and 37’. Key: A, normalized data for I ;  m, normalized data for II; and 
0 ,  normalized data for III. 


Comparison of the overall stability profile of I in aqueous buffer so- 
lution at various pH levels showed that I was most stable a t  neutral pH 
and a t  low temperature (Fig. 4). The instability of I a t  high pH could be 
explained on the basis that the opening of the triazine ring ( k l )  and the 
breakage of an amide bond (k2)  is facilitated by a hydroxyl ion. Reduction 
in pH would slow down both these events and thus stabilize I. However, 
I became increasing unstable as the pH was gradually reduced below 7.0. 
This result might be due to the increase in the rate of ring opening as well 
as to the instability of I1 in acidic solutions; thus, once ring opening took 
place and produced 11, the latter broke down to the unidentified peaks 
more rapidly and minimized the reversal back to I (Fig. 2B). In strong 
acidic solution (with pH <2.2), breakage of the glycolytic bond of I oc- 
curred, producing 5-azacytosine6 as reported previously for I (9) and for 
5-azacytidine (5,lO). 


The effect of pH and temperature on the chemical stability of 5-aza- 
cytidine was studied by Chan et al. ( l l ) ,  who observed that this com- 
pound is most stable at pH 7.0 and that its rate of decomposition increases 
in solutions of high or low pH and with temperature. 
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Abstract Observed venous plasma concentrations of furosemide, 
propranolol, griseofulvin, and theophylline at  0.33 and 0.66 rnin after 
intravenous bolus injections to unanesthetized dogs were compared with 
those extrapolated using the instantaneous input hypothesis. At 0.33 min, 
extrapolated/observed plasma level ratios as high as 20.5,65.5,226, and 
1.17 were found for these four drugs, respectively. Venous plasma levels 
peaked at 1 min postinjection in all studies. Total plasma areas 
(AUCo-,) estimated using the instantaneous input principle were higher 
by as much as 6.0,6.8, and 19.6% for propranolol, griseofulvin, and fu- 
rosemide, respectively, when compared with experimental data. The 
effect on theophylline was negligible. These results suggest the need for 
cautious interpretation of some venous pharmacokinetic data. More 
studies in animals and humans are required to assess the magnitude of 
deviation from the instantaneous input hypothesis for drugs in gen- 
eral. 


Keyphrases Pharmacokinetics-instantaneous input hypothesis, 
comparison with conventional extrapolation method, dogs Instanta- 
neous input hypothesis-comparison with conventional extrapolation 
method, dogs Venous pharmacokinetics-instantaneous input hy- 
pothesis and conventional extrapolation method compared, dogs 


In pharmacokinetic studies, venous plasma (blood or 
serum) level data, usually obtained 1-30 min (1-3) after 
a rapid intravenous bolus injection, often are employed to 
fit a polyexponential equation, 2Txl Aie-Xit. The obtained 
equation, also called the disposition function, then is used 
for pharmacokinetic analysis (1-10). This method assumes 
that, after injection, the drug is instantaneously distrib- 
uted into an initial apparent volume of distribution or the 
volume of the central compartment as defined in the 
multicompartmental mammillary modeling analysis. The 
initial volume of distribution or the volume of the central 
compartment is calculated by dividing the dose by the 
extrapolated plasma concentration at time zero, CE, which, 
in turn, is calculated by the summation of the polyexpo- 
nential coefficients, Zyxt=, Ai. The total area under the 
plasma concentration-time curve from zero to infinite 
time, AUCF%, usually is obtained by: 


In Eq. 1, the plasma area from time zero to the first plasma 
concentration point is, in essence, estimated by the ex- 
trapolation based on experimental data obtained later. 


The present report compares experimentally obtained 
plasma concentrations and plasma areas between time zero 
and 1 min with those estimated by the conventional ex- 
trapolation method. 


EXPERIMENTAL 
Intravenous Bolus Studies-Propranolol', furosemide2, theophyl- 


line3, and griseofulvin4 were studied in mongrel male conditioned dogs, 


Propranolol hydrochloride (10 mg/ml), Ayerst Laboratories, New York, N.Y. 
Lasix injection (10 mg/ml), Hoechst-Roussel Co., Somerville, N.J. 
Aminophylline injection (500 mg/5 ml), Elkins Sinn Co., Cherry Hill, N.J. 
Powder (Ayerst Laboratories, New York, N.Y .) dissolved in polyethylene glycol 


400 (60 mgh.5 ml). 


18.7-23.7 kg. The drug in solution was injected through an indwelling 
catheter placed in the cephalic vein. Blood samples were withdrawn from 
a permanent cannula placed in the femoral vein uia the saphenous vein. 
Bolus injection was completed in 10 sec for propranolol and furosemide 
and in 20 sec for theophylline and griseofulvin. Normal saline, 3-5 ml, 
was used immediately to flush the catheter to ensure complete drug de- 
livery. 


Blood samples were collected before injection and at  0.33,0.66, 1,2, 
3,6,9,15,30,45,90,120,150,180,210,240,300, and 360 rnin postinjection. 
They were centrifuged immediately and stored frozen prior to analysis. 
The midpoint of injection was set as time zero. Concentrations of drugs 
in plasma were quantitated by the specific and sensitive high-perfor- 
mance liquid chromotagraphic methods developed previously in this 
laboratory (11-14). 


Two dogs were studied for each drug; five dogs were used in the entire 
study. At least 3-5 days elapsed between studies for each dog. The doses 
and body weights of the dogs are summarized in Table I. 


Data Analysis-Plasma data from 1 min were fitted to either a two- 
or three-exponential equation by using a nonlinear least-squares re- 
gression program, NONLIN (15), on a digital computer. Plasma data were 
weighted by the reciprocal concentration squared. 


RESULTS AND DISCUSSION 


The coefficients and exponents of the polyexponential disposition 
function based on the NONLIN computer analysis are summarized in 
Table I. Goodness of fit is supported by the r2 values, which were all very 
close to 1.000 (Table I). There is good agreement between the experi- 
mental data and the computer-generated curves (Figs. 1-4). However, 
the plasma concentrations found at  0.33 and 0.66 min were lower than 
those estimated by the extrapolation method from the polyexponential 
decay equations in all studies. The differences between the observed and 
extrapolated levels a t  0.33 min are summarized in Table 11. Ratios of the 
extrapolated to observed concentrations up to 20.5,65.5, and 226 were 
found for furosemide, propranolol, and griseofulvin, respectively (Table 
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Figure 1-Venous plasma concentration profile of propranolol fol- 
lowing an intravenous bolus injection of 10 mg of propranolol hydro- 
chloride to Dog 2. The solid line was generated by the NONLIN com- 
puter program. The insert shows the profile in the first 2 min. 


0022-3549/81/0900-1037$01.00l0 
@ 198 1, American Pharmaceutical Association 


Journal of Pharmaceutical Sciences I 1037 
Vol. 70, No. 9, September 1981 







Table I-Polyexponential Disposition Function Using Nonlinear Least-Squares Regression Analysis of Plasma Concentration Data 
from 1 Min 


Propranolol 8.8 1 0.842 0.0785 - 1.43 0.00726 - 0.998 
8.8 2 0.887 0.0922 0.0571 0.737 0.0321 0.0103 1.000 


Furosemide 40 2 28.5 9.04 1.12 0.955 0.153 0.0261 1.000 
40 3 28.4 5.49 0.764 1.12 0.125 0.0230 1 .000 


Theophylline 400 3 95.6 21.8 - 0.613 0.0028 - 0.996 
400 4 7.37 20.3 - 0.319 0.0026 - 0.998 


Griseofulvin 60 3 9.71 3.35 1.47 1.79 0.187 0.0188 1.000 
60 5 5.92 1.31 0.691 0.515 0.0357 0,0091 1.000 


a Body weights for Dogs 1-5 were 18.7,20.3,19.2,23.7, and 21.3 kg, respectively. 


Table 11-Comparisons of Observed and Extrapolated Plasma Concentrations a t  0.33 min and Actual and Extrapolated Total Plasma 
Areas after Intravenous Bolus Injection to Dogs 


___ ~ ~~ ~ ___ ~ 


Observed 
Plasma Extrapolated Extrapolated/ Percent Over- 
Level a t  Plasma Level Observed Plasma estimation 


at  0.33 min, Level Ratio a t  AUC@,, A U C & . ,  in Plasma 0.33 min, 
Drug Dog Pdml pdml 0.33 rnin min pglml min pg/ml Area 


Propranolol 1 0.0430 0.600 
2 0.0129 0.842 


Furosemide 2 3.22 30.5 
3 1.25 25.6 


4 22.9 26.9 
Griseofulvin 3 0.989 9.96 


5 0.0308 6.97 


Theophylline 3 88.0 99.7 


14.0 
65.5 


20.5 
9.48 


1.13 
1.17 


10.1 
226 


11.41 
9.62 


11.00 3.75 (4.86)D 
9.08 5.97 


131.9 113.5 16.2 (17.9)“ 
102.5 


7933 
7835 


~~ I ~~ ~~ 


85.7 19.6 
7920 0.17 (0.13)O 
7829 0.08 


101.5 95.0 6.81 (5.38)” 
124.2 119.4 4.72 


0 Mean of the two dog studies. 


11). For theophylline, the difference at  0.33 min was relatively much 
smaller (13 and 17%). The inserts in Figs. 1 4  show the experimental and 
extrapolated plasma level profiles of the individual dog study for the first 
2 min postdosing. 


In dogs, the peak plasma levels occurred at  1 min after intravenous 
injection; but in preliminary studies using anesthetized rabbits, peak 
plasma (from femoral vein) levels for procainamide (16) and griseofulvin 
occurred at 2 min after a rapid intravenous bolus injection. 


The overestimations of the initial plasma concentrations from the 
extrapolation of the polyexponential equation probably could be at- 
tributed to several factors, such as the lag time due to drug transport from 
the injection site to the sampling site (171, mixing of the drug in the blood 
circulation, and drug extraction by the sampling tissue through diffusion 
across capillary walls. The last factor was supported by the fact that drug 
concentrations in plasma of blood collected simultaneously from the 
femoral artery of the same leg were higher than those in venous plasma 


b do 20 1 i o  
MINUTES 


Figure %-venous plasma concentration profile of furosemide’ following 
an intrauenous bolus injection of 40 mg to Dog 3. 


(16). It has been stated (17) that the zero-time plasma concentration at 
the normal sampling site immediately after intravenous injection theo- 
retically should be zero. The present data (Figs. 1-4) appear to support 
this statement. 


The areas under the plasma curve between time zero and 1 min after 
injection were calculated by the “extrapolated” integration method (Eq. 
2) and also by the linear trapezoidal rule method using experimentally 
observed plasma concentrations and assuming zero drug concentration 
at time zero: 


n A.  
AUCEImi, = l ( 1  - (Eq. 2) 


i= l  xi 
where t was set to be 1 min. The overestimation of the plasma area in the 
first 1 rnin (AAUC) by the extrapolation method is assumed to be equal 
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Figure 3-Venous plasma concentration profile of  theophytline foE- 
lowing a n  intrauenous bolus injection of 400 mg to Dog 4. 
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Figure 4-Venous plasma concentration profile of griseofulvin fol- 
lowing an intravenous bolus injection of 60 mg to Dog 5. 


to the difference between the areas estimated by the described two 
methods. The “correct” (actual) total plasma area, AUC&, may be 
calculated by: 


AUCE., = AUCF% - AAUC (Eq. 3) 
Therefore, the percentage of overestimation in plasma area for the first 
1 min by the extrapolation method as compared with the actual total 
plasma area can be calculated by: 


% overestimation = - AAuc x 100 (Eq. 4) AUCE.,  
The results of the analyses for the four drugs are summarized in Table 
11. The mean overestimations for theophylline, propranolol, griseofulvin, 
and furosemide were 0.13,4.86,5.38, and 17.9%, respectively. 


The plasma concentration and area data within the 1st min after in- 
travenous injection are different from the prediction using the conven- 
tional polyexponential disposition function or multicompartmental 
mammillary modeling analysis. These results appear to indicate that a 
very intensive early blood sampling schedule may be required to char- 
acterize accurately the plasma level profile during the early period. Al- 
though the four drugs studied have markedly different physicochemical 
properties (two weak acids, one weak base, and one neutral compound), 
more studies in animals and humans are needed to assess the general 
magnitude of deviation from the instantaneous input hypothesis. 


These findings may have some significant implications in phar- 
macokinetic studies. For example, the difference between the actual and 
the extrapolated total plasma area for furosemide in Dog 3 was 19.6% 
(Table 11). This value would result in a difference of 19.7% in the calcu- 
lated total body clearance (467 versus 390 ml/min based on dose/ 
AUCo-,). By using the extrapolated total plasma area as a reference, 
the absolute bioavailability from a completely bioavailable dosage form 


(assuming correct plasma area measurement) in this dog can be calculated 
as only -80%. Furosemide in solution or tablet was reported to be in- 
completely absorbed (usually <73%) in humans (18-22), although the 
total diuretic response (relationship with plasma level or dose appears 
to be complicated, Ref. 22) was often the same following oral or intrave- 
nous administration of the same dose (18, 19, 21). If the phenomenon 
observed in the two dogs in the present study happened similarly in hu- 
mans, then the absolute bioavailability of furosemide might be greater 
than reported. Further studies are required to prove this hypothesis. 


The results of the present study support the contention (23.24) that 
the constant blood withdrawal method may be useful to determine ac- 
curately the A UCo-., after an intravenous bolus injection, especially in 
humans. Furthermore, the extensive blood sampling procedure can be 
avoided (23-25). 
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Abstract 0 Solid samples of 1,3-dihydroxymethyluracil, 3-hydroxy- 
methyl-1-methyluracil, and 1-hydroxymethyl-3-methyluracil were 
prepared, and their structures were confirmed by spectroscopic analysis. 
The thermodynamics and kinetics of the formation of N-hydroxy- 
methylated uracils in aqueous formaldehyde solutions also were studied. 
The equilibrium constants for formation of N-1-hydroxymethyl deriv- 
atives were approximately twice those for formation of N-3-hydroxy- 
methyl derivatives, and they were formed more rapidly throughout the 
pH 3-8 range. Substituents at C-5 of uracil had little effect on the ther- 
modynamics of N-hydroxymethylation. The potential usefulness of 
N-hydroxymethyl compounds as prodrugs is discussed. 


Keyphrases 0 Uracil-N-hydroxymethyl derivatives synthesized, 
structures confirmed by NMR and elemental analyses, potential prodrugs 


N-Hydroxymethyl derivatives-of uracil, synthesis, structures con- 
firmed by NMR and elemental analyses, potential prodrugs 0 Prodrugs, 
potential-N-hydroxymethyl derivatives of uracil synthesized, structures 
confirmed by NMR and elemental analyses 


The reversible reactions of formaldehyde with amines 
(1-7), amides (8,9), and imides (10-15) in aqueous solution 
to form the corresponding N-hydroxymethyl derivatives 
have been studied extensively, and numerous rate and 
equilibrium constants have been reported. An N-hydroxy- 
methylation reaction is represented in Scheme I. Reactions 
of this type are important in biological systems (16-19) 
and, because they can alter hydrogen-bonding possibilities 
in a molecule, they have been employed (20-22) to modify 
the secondary structure of nucleic acids in solutions. This 
paper is concerned with the kinetics and thermodynamics 
of N-hydroxymethylation of uracil (I) and several substi- 
tuted uracils. 


BACKGROUND 


Uracil is not a drug, but its structure is representative of many mole- 
cules that are drugs. It is a heterocyclic molecule that contains both an 
amide and an imide group. Molecules that contain these groups fre- 
quently are very insoluble in water and organic solvents because of large 
crystal lattice energies due to intermolecular hydrogen bonds. There are 
two acidic protons in uracil, each of which can form a hydrogen bond with 
a carbonyl group in another molecule. Evidence that such bonds con- 
tribute to the stability of uracil crystals comes from comparison of the 
melting point and the solubility of uracil with those of N-alkyl uracils 
(Table I). The melting point of uracil is decreased and the solubility is 
increased when the N-1 and/or N-3 protons are replaced by a methyl 
group. IR and X-ray structure studies of uracil support the conclusion 
that, in the uracil crystals, molecules are linked by intermolecular hy- 
drogen bonds (23-25). 


The replacement of the N-H proton by a methyl group is not normally 


/ 'N-H + H,CO == )N--m,m 
Scheme I 


an allowable substitution in drug molecules, because it is a permanent 
change and can significantly change the pharmacological properties of 
the drugs. A better approach toward reducing the extent of intermolecular 
hydrogen bonds in a molecule like uracil would be the synthesis of tran- 
sient chemical derivatives, i.e., prodrugs. In prodrug molecules, the N-H 
protons could be replaced by groups such as the hydroxymethyl, which 
would he removed rapidly in water. 


When the prodrug reverts to the parent drug, formaldehyde is released. 
Formaldehyde toxicity does not appear to be of great concern since 
pivampicillin and methenamine, which are marketed as safe drugs, also 
release formaldehyde in the body upon administration (2629). However, 
formaldehyde toxicity may depend on the frequency of dose and the 
duration that the drug has to be taken. 


This approach should be applicable to other heterocyclic drug mole- 
cules that are poorly soluble in water and other solvents by virtue of in- 
termolecular hydrogen bonds in their crystalline phase. The application 
of some of these concepts to drug molecules recently was reported (30, 
31). 


RESULTS AND DISCUSSION 


Structure of Hydroxymethyl Derivatives of Uracil (I), 3-Meth- 
yluracil (111), and I-Methyluracil (V)-Elemental analysis of the 
crystalline compound that precipitated from uracil solution in aqueous 
formaldehyde was consistent with the composition of 1 equivalent of 
uracil and 2 equivalents of formaldehyde. Evidence that the compound 
had Structure I1 rather than Structure VIII came from IR analysis (po- 
tassium bromide disks) and NMR spectra. The IR spectrum exhibited 
a strong peak at  1720 cm-', indicating the molecule contained at least 
one carhonyl group. The two doublets a t  7.70 and 5.72 ppm in the NMR 
spectrum of the compound in dimethyl sulfoxide-d6 (Table II), which 
were assigned (32) to the C-6 and C-5 protons, are much closer in chemical 
shift to those of the same protons of 1,3-dimethyluracil (VII, a model for 
Structure II,7.68 and 5.67 ppm in dimethyl sulfoxide-d6) than they are 
to those of 2,4-dimethoxypyrimidine (IX, a model for Structure VIII, 8.31 
and 6.53 ppm). 


Assignment of the other signals in the NMR spectrum of 1,3-dihy- 
droxymethyIuracil(I1) was achieved by comparison with the spectra of 
1-hydroxymethyl-3-methyluracil (IV) and 3-hydroxymethyl-1-methyl- 
uracil (VI) in dimethyl sulfoxide-d,j. The latter compounds were prepared 
from I11 and V. 


Features of the NMR spectrum of a 50-mg/ml solution of IV in di- 
methyl sulfoxide-d6 are described in Table 11. The broad singlet at 6.62 
ppm disappeared when water was added to the solution and can be as- 
signed to the OH proton. The broad singlet a t  5.10 ppm enclosed an area 
that was double that of the OH proton, and i t  sharpened when either 
deuterium oxide or trifluoroacetic acid was added (to increase exchange 


Table I-Solubility and Melting Point of Uracil and N- 
Alkylated Uracils 


Solubility in 
Compound Melting Point Water, mg/ml 


I 
111 
V 


VII 


340" 3 
180" 200 
232" 20 
123" 500 
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Table 11-NMR Data for Uracil and Substituted Uracils in  Aprotic Solvents 


Chemical Shifts, ppm* 
Compound Solventa Concentration, mg/ml C-6 H C-5 H N-1 CH2 OH N-3 CH2 OH 


I A 
I1 A 


I11 A 
IV A 


A 
B 
B 
B 
B 


VI A 


50 
50 
50 
50 
10 
50 
25 
12.5 


50 
6.25 


- - 7.65 d 5.56 d 
7.70 d 5.72 d 5.13 bs 
7.40 d 5.57 d - 
7.65 d 5.70 d 5.10 bs 6.62 bs - 
7.72 d 5.76 d 5.13 d 6.66 dt - 
7.30 d 5.76 d 5.20 bs 4.70 bs - 
7.26 d 5.76 d 5.20 bs 4.36 dt - 


6.72 bs 5.25 d 
- - 


~. - 
7.26 d 5.76 d 5.20 d 4.08 t - 
7.24 d 5.75 d 5.18 d 3.87 t - 
7.63 d 5.62 d - - 5.20 d 


A 10 7.63 d 5.62 d - - 5.20 d 
- 5.50 d B 50 7.20 d 5.78 d - 


B 12.5 7.20 d 5.78 d - - 5.50 d 


Solvent A was dimethyl sulfoxide-ds, and Solvent B was deuterochloroform. Symbols are: d, doublet; bs, broad singlet; t, triplet; and dt, diffuse triplet. 


rates) or when the OH proton was irradiated. These results indicate that 
the signal at 5.10 ppm can be assigned to the N-1 CHzO protons in IV and 
that, in this relatively concentrated solution, they are only weakly coupled 
to the OH proton. 


The multiplicity of the signals at 6.62 and 5.10 ppm was different in 
less concentrated solutions. When the concentration of IV in dimethyl 
sulfoxide-ds was 10 mg/ml, the OH proton was a diffuse triplet a t  6.66 
ppm and the N-1 CHzO protons were a doublet centered at 5.13 ppm. 
Similar changes in multiplicity with change in concentration were ob- 
served for spectra in deuterochloroform (Table 11). These results suggest 
that the OH proton is more strongly coupled to the N-1 CH20 protons 
in dilute rather than in concentrated solutions. The OH proton probably 
participates in intermolecular hydrogen-bonding reactions with other 
IV molecules in concentrated solutions. 


The spectra of VI solutions in dimethyl sulfoxide-d6 are described in 
Table 11. One difference between VI and IV is that its spectra in dimethyl 
sulfoxide-d6 and in deuterochloroform were insensitive to concentration 
changes between 50 and 6.25 mg/ml. The OH resonance was a triplet 
centered at  6.12 ppm and was strongly coupled with the N-3 CHzO pro- 
tons that appeared as a sharp doublet centered at  5.26 ppm. The N-3 
CHzOH proton appears to have a much smaller tendency than the N-1 
CHzOH proton to participate in intermolecular hydrogen bond forma- 
tion. 


Comparison of the NMR spectral characteristics of I1 with those of IV 
and VI enabled the following peak assignments to be made: C-6 H, 7.70 
ppm; N-1 CHzOH, 6.72 ppm; N-3 CHzOH, 6.20 ppm; C-5 H, 5.72 ppm; 
N-3 CHzOH, 5.25 ppm; and N-1 CHzOH, 5.13 ppm. 


Thermodynamics and Kinetics of N-Hydroxymethylation of 111 
and V in Water-The addition of 2.5 M formaldehyde to solutions of 
111 or V (pH 4-10) produced changes in UV and NMR spectra that were 
complete within 4 hr a t  pH 4 and in <30 min at  pH >7. The resulting 
spectra did not change during 7 days at  25'. UV spectral characteristics 
of reactants and products are in Table 111, and NMR data (in deuterium 


I 
R 


I R = R ' = H  
11: R = R' = CH,OH 


111: R = CH,, R' = H 
IV: R = CH,, R '  = CH,OH 
V: R = H, R' = CH, 


VI: R = CHIOH, R '  = CH, 
VII: R = R' = CH, 


QR" 


A N  
VIII: R" = CH,OH 


IX: R" = CH, 


- 
6.20 t 
- 
- 
- 
- 
- 
- 
- 


6.13 t 
6.13 t 
4.12 t 
4.12 t 


'N- + H+ 
I 


'NCH,O- + H+ 
I 


Scheme II  


oxide) are in Table IV. 
Confirmation that the products were IV and VI, respectively, came 


from the fact that the final solutions had identical spectra to solutions 
of authentic material in the same solvents. 


Rate and equilibrium constants were calculated from UV changes. A 
pseudo-first-order rate constant, kobs, was calculated from plots of log 
(A - A,) uersus time for reactions in solutions containing excess form- 
aldehyde. Values of k o b  were related linearly to the initial formaldehyde 
concentration, [HzCOIo, and the line had a positive intercept on they axis 
when [HzCOIo = 0. Thus, it was concluded that k o b  values were related 
to values of [HzCO]~: 


kobs = ~ / [ H Z C O J O  + kd (Eq. 1) 


where k, and kd are the second- and first-order rate constants, respec- 
tively, for the reaction depicted in Scheme 11. Values of k/ and kd calcu- 
lated from plots of k;bs against [HzCOlo are in Table V. 


The pH dependence of kf and kd is consistent with the conclusion that 
the rate-determining step in the forward reaction involves the uracil anion 
and formaldehyde and that for the reverse reaction involves the anion 
of the N-hydroxymethyl derivative. The mechanism proposed for the 
reverse reaction is identical to the one that was suggested (31.32) to ac- 
count for the decomposition of N-hydroxymethyl derivatives of other 
amides and imides. 


According to the model, the rate law for the rate-determining step in 
the reactions would be: 


where K :  and Kf;" are the acid dissociation constants of the uracil and 
the N-hydroxymethyl derivative (i .e.,  to yield >NCHzO-), respectively, 
and k;  and kb are the rate constants for reactions of the anionic species. 
The values of K :  for I11 and V are 1 X respectively 
(33). The Kt' values are not known, but they are expected to be larger 
than the K:  values because the negative charge would be localized on the 
oxygen atoms in the N-hydroxymethyl anions whereas it would be de- 
localized in the uracil anions. Hence, under the experimental conditions, 
both KFu and K :  are less than [H+] and can be neglected from the de- 


Table 111-UV Spectral Characteristics of Aqueous Solutions of 
Uracil Derivatives 


Compound Solvent Xrnaxrnm emax 


and 2 X 


~~~ ~ ~~ 


V Buffer, pH 7 265.5 9900 
Buffer, pH 7, + 2.5 M HzCO 268.5 9300 


I11 Buffer, pH 7, 257.5 7800 
Buffer, pH 7, + 2.5 M HzCO 258 8900 


I Buffer, pH 7 257.5 8200 
Buffer, pH 7, + 2.5 M HzCO 261 8400 


VII Buffer, pH 7 265 9200 
Buffer, pH 7, + 2.5 M HzCO 265 9200 
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Table IV-NMR Data for Uracil and Substituted Uracils in  
Deuterium Oxide 


Chemical Shifts, ppmb 
Compound Solvent" C-6 H C-5 H N-1 CHzOD N-3 CHzOD 


- I A 7.55 d 5.83 d - 
B 7.68d 5.88d 5.23 s 5.33 s 
A 7.50 d 5.86d - 
B 7.68d 5.89d 5.24s 
A 7.63 d 5.80d - - 
B 7.57 d 5.82 d 


- 
- 


111 


V 
- 5.39 d 


a Solvent A was deuterium oxide, and Solvent B was 2.5 M HzCO in deuterium 
oxide. * Symbols are: d, doublet; and s, singlet. 


nominators in Eq. 2, which becomes: 


By definition: 


(Eq. 4) 


Confirmation that the model is consistent with the data comes from the 
fact that values of k,[H+]/Kt (k, k ; )  and kd[H+] (k, kdKFU) were 
essentially constant between pH 3 and 6. 


The anion of I11 is a stronger base than that of V, and it reacts -40 
times more rapidly with formaldehyde. Both properties are likely to arise 
because the anion of V is stabilized by delocalization of its electrons 
among the adjacent oxygen atoms. 


Equilibrium constants for the N-hydroxymethylation reactions of I11 
and V were calculated both from values of the quotient kflk, and from 
the slopes of plots of (A0 - A)/[HzCO]o versus A, where A0 is the initial 
absorbance of uracil solution and formaldehyde and A is the absorbance 
of a similar solution in which hydroxymethylation has reached equilib- 
rium. Values of the equilibrium constants for I11 and V are in Table 
VI. 


The results indicate that the magnitude of the equilibrium constant 
for formation of the >N-1 CHzOH derivative is double that for formation 
of the >N-3 CHzOH derivative. Thus, IV is formed more rapidly and to 
a greater extent than VI. 


No N-hydroxymethylation of 111 and V was observed to occur a t  pH 
values two or more units above their pKa values. 


Thermodynamics of Uracil N-Hydroxymethylation-Addition 
of 2.5 M HzCO to uracil solutions in water (or deuterium oxide) caused 
the UV and NMR spectra to change to those produced by equimolar so- 
lutions of 11. Relevant data are shown in Tables I11 and IV. 


Knowledge of the reactions of 111 and V in aqueous formaldehyde, 
together with the knowledge that I1 also is formed, leads to the conclusion 
that the relevant reactions of uracil are those shown in Scheme 111. The 
magnitudes of the equilibrium constants in Scheme I11 were evaluated 
both from changes in UV absorbance and from phase solubility diagrams. 
All experiments were carried out at pH 3-7, a range in which the reactants 
and products were not appreciably ionized. 


The absorbance of an equilibrated solution of uracil in aqueous 
formaldehyde, A ,  can be related to the initial absorbance of the solution, 
A 0: 


(Eq. 6) 
A - 1 + K1[HzCO]ofi + Kz[HzCO]otz + K1K4[HzC0I2~3 


A0 
-- 


1 t K2[HzCO]o + Kz[HzCO]o + K1K4[HzC0l2 


where t i  is the ratio of molar extinction coefficients for l-hydroxy- 
methyluracil and uracil, cz is the ratio for 3-hydroxymethyluracil and ura- 


K, 
I + H,CO --L 1-hydroxymethyluracil 
+ + .  


H,CO H,CO 


Kzlt K4 It K. ~~, 
3-hydroxymethyluracil + H,CO 11 


Scheme III  
cil, and t g  is the ratio for I1 and uracil. An iterative procedure that utilized 
Eq. 6 and experimental data yielded values of K1+ Kz and K1K4. 


By definition: 


KiIKz = K3/K4 (Eq. 7a) 


The value of K J K Z  was evaluated using Eq. 7a on the basis that the value 
of K3/K4 would be the same as that for the ratio of equilibrium constants 
for N-hydroxymethylation of I11 and for V. In other words: 


-- K1 - 2.26 
Kz 


(Eq. 7b) 


When this assumption had been made, values of K1, Kz, K3, and K4 were 
computed from the values of K1 t KP, K1K4, and K3/K4 (Table VI). 


The second method of calculating equilibrium constants was based 
on phase solubility analysis. Experiments involved measuring the total 
amount of uracil that dissolved [I] T in solutions containing different 
amounts of formaldehyde. The solubility of uracil in solutions that did 
not contain formaldehyde was [I]o. Equilibrium constants were calculated 
by: 


[I1 T - [I] 0 


[I]o([I]T - [I10 - [HzCO]o/2) 


Figure 1 shows a plot of [I]T uersus [HzCOIo. The plot is an Ap type 
(34) of phase solubility diagram, which indicates a 1:l interaction of ligand 
(formaldehyde) with the substrate (I). Figure 2 shows a linear plot of ([I]T 
- [I]O)/{[I]O([I]T - [I10 - [HzCO]o/2)) uersus ([I]T - [I10 - [HzCO]o/2). 
Values of K1K4 and (K1+ Kz )  were calculated from the slope of this plot 
and the intercept at [HzCOIo = 0, respectively. The magnitudes of the 
individual equilibrium constants were calculated by utilizing the rela- 
tionship K3/K4 = K1IKZ and making the approximation that K3/K4 = 
2.26 (Table VI). 


The similarity between K values calculated from both UV spectro- 
photometric methods and phase solubility studies adds support to the 
validity of the model. 


Lewin (11) studied the interaction of uracil with aqueous formaldehyde 
by measuring changes that occur in pH when formaldehyde is added to 
partially neutralized uracil solutions. The pH changes occur because each 
N-hydroxymethylation reaction removes one acidic hydrogen atom from 
the uracil molecule. Lewin (11) interpreted his results as indicating that 
only IV was formed to any appreciable extent. The appropriate equilib- 
rium constant was evaluated using: 


antilog ApH = 1 + Kz[HzCO]O (Eq. 9) 


The model used in the present study requires that: 


antilog ApH = 1 + (Ki + Kz)[HzCO]o + KiKa[HzCO]E 
1 + 0.32Kz[HzCO]o + 0.63Ki[HzCO]o 


(Eq. 10) 


where 0.63 is the ratio of acid dissociation constants for 3-hydroxy- 
methyluracil and uracil and 0.32 is the ratio for 1-hydroxymethyluracil 
and uracil. These ratios were evaluated by assuming that the pKa values 


Table V-Rate Constants for N-Hydroxymethylation of 111 and V at 25" 


10' kobs", 102kf, k;, 10' kd, lo6 k i K p ,  
Compound PH min-' M-I min-I M-1 min-1 min-' min-I M 


111 


V 


3.06 
4.01 
5.04 
4.05 


219 
1,760 


20,000 
116 


1.46 
12.8 


128 
0.75 


1.27 
1.25 
1.17 
0.033 


0.73 
6.82 


0.47 
74 


6.36 
6.66 
6.75 
0.42 


5.01 1,220 6.92 0.034 5.97 0.55 
6.02 12,000 68.4 0.033 54.9 0.52 


a Values of hoba were calculated at [HzCO]~ = 1 M .  
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Table VI-Equilibrium Constants for N-Hydroxymethylation of Uracil and Uracil Derivatives at 25" and p = 0.1 M 


Compound pH Range Method K,  M-l K1, M-l Kz, M-' K3, M-' K4, M-' 
~~ 


V 4-7 I JV 1.6 
4-6 Kinetic 1.3 


111 4-7 uv 3.4 
4-6 Kinetic 2.2 


I 5-7 Phase solubility 5.2 2.3 2.2 1.2 
5-7 uv 5.3 2.3 4.0 1.8 


5-Methyluracil 4-6 uv 3.1 1.4 5.8 2.5 
5-Fluorouracil 4 uv 4.2 1.9 4.4 1.9 
5-Chlorouracil 4 uv 4.1 1.8 6.4 2.8 
5-Bromouracil 4 uv 4.8 2.1 5.5 2.4 
5-Iodouracil 4 uv 4.2 1.9 6.7 2.9 


of the N-hydroxymethyluracil derivatives were equal to those of the re- 
spective N-methyluracils. 


If [HzCOIO is in excess and the values K1=  Kz = K3 = K4 = L ,  Eq. 10 
reduces to: 


antilog ApH = (' -t L[HZCo10)2 N_ 1 + L[HzCO]o (Eq. 11) 
1 + 0.95L[H&O]o 


Hence, Lewin's method was not sensitive enough to distinguish between 
the various N-hydroxymethyl derivatives of uracil. 


Inspection of the K values in Table VI reveals that  N-hydroxy- 
methylation of N-1 of uracil is the most favored reaction whether or not 
an N-hydroxymethyl group is present on N-3. 


The strength of the N-hydroxymethylation reactions is greater than 
would be immediately concluded from the magnitude of the constants 
in Table VI. Formaldehyde exists in water as an equilibrium mixture of 
anhydrous and hydrated formaldehyde. The equilibrium constant for 
the hydration reaction (35) is 41 M-' a t  25'. Hence, if the concentration 
of water is taken to be 55.5 M, the equilibrium constants for reaction of 
the uracils with anhydrous formaldehyde are the values in Table VI 
multiplied by the factor of 2277, which takes into account the relative 
concentration of anhydrous formaldehyde. Consequently, N-hydroxy- 
methylation is a strong reaction as are the addition reactions of other 
amines to formaldehyde (36). 


Thermodynamics of N-Hydroxymethylation of 5-Substituted 
Uracils-UV spectrophotometric measurements, identical to those 
described in the previous section, were used to calculate the K values for 
N-hydroxymethylation of the 5-substituted uracils (Table VI). 


Although there is about a 200-fold difference in the acidity of the N-H 
functions of these compounds (pKa 7.7-9.9), the affinity of formaldehyde 
for 5-substituted uracils is essentially independent of their acidities, and 
substitution a t  the 5-position does not influence the magnitude of equi- 
librium constants in a systematic way. These results are consistent with 
reports that the equilibrium constants for the addition to formaldehyde 
of simple primary amines (1) are not much larger than those for addition 


45 r 


of urea and amides (8),  although the difference in the pKa of amine and 
amide groups i s  large. 


Melting Point, Solubility, and Dissolution Rate of 11-Comparison 
of uracil (I) and I1 indicated that I1 had a lower melting point (101' 
compared to 340'), higher water solubility (500 mg/ml compared to 2.8 
mg/ml)', and higher water dissolution rate (82 X Mlmin compared 
to 1.6 Mlmin)'. This behavior was predicted on the basis that N-hy- 
droxymethylation changes intermolecular hydrogen-bonding possibilities 
in the solid phase. It supports the contention that such derivatives are 
potentially useful prodrugs. 


EXPERIMENTAL 


Uracil2, 5-fluor~uracil~, 5-bromouraci12, 5-iodouraci12, 5-methyluracil*, 
1-methyl~raci l~,  and 3-methyluraci13 were used without further purifi- 
cation. 5-Chlorouraci14 was recrystallized from aqueous ethanol. Form- 
aldehyde (37% aqueous solution) was used without further purification, 
and its concentration was calculated using the USP method (38). 
Formaldehyde used in the NMR studies was obtained by dissolving 
paraformaldehyde in deuterium oxide. Buffer solutions a t  p = 0.1 M were 
prepared as described previously (39). 


Tetramethylsilane or sodium 4,4-dimethyl-4-silapentanesulfonate was 
used as the reference in NMR spectral measurements. 


Preparation of N-Hydroxymethyl Derivatives-I2,3-Dihydroxy- 
methyluracil (Ili-uracil (I) (4.75 g) was dissolved in 10 ml of 37% (w/w) 
formaldehyde (pH adjusted to 7 with sodium hydroxide) a t  25'. Refrig- 
eration of this solution resulted in a white crystalline precipitate which, 
following recrystallization from acetonitrile and drying over calcium 
chloride, melted a t  101' (melting point of uracil was 338'). The mass 
spectrum (m/z 172) and elemental analysis of the solid were consistent 
with the conclusion that the compound was 11. 


Anal.-Calc. for C6H~N204: C, 41.84; H, 4.65; N, 16.28. Found: C, 41.62; 
H, 4.63; N, 16.38. 
3-Hydroxymethyl-I-methyluracil (VI)-1-Methyluracil (V) (600 mg) 


was dissolved in 1 ml of 37% formaldehyde. Refrigeration of this solution 
resulted in a white crystalline precipitate which, on drying over calcium 


01 1 I 1 I 1 1 1 I 1 


0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.b 
[H,COI,, M 


Figure [-Phase solubility diagram of uracil in aqueous formaldehyde 
a t  25", 0.1 M I .  


Figure 2-Plot of ( [[ IT  - [I]IJ/[I]o([I]T - [ I ] o ;  [HzCOlo/2) versus 
[IIT - [I10 - ( [ H ~ C 0 ] 0 / 2 )  for the reaction of uracil and formaldehyde 
a t  25', 0.1 M I. 


The methods of calculating these values were identical to those described in 


Sigma Chemical Co. 
Cyclo Chemical Co. 
K & K Laboratories. 


Ref. 37. 
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chloride, melted at 110” (melting point of V was 232”). The mass spec- 
trum (mlz 156) and elemental analysis of the solid were consistent with 
the conclusion that the compound was VI. 


Anal.-Calc. for C6H&03: C, 46.15; H, 5.13; N, 17.95. Found: C, 46.28; 
H, 5.10; N, 18.15. 
I-Hydroxymethyl-3-methyluracil (IV)-3-Methyluracil (111) (1 g) 


was dissolved in 1 ml of 37% formaldehyde. The crystals of IV were ob- 
tained as described for I1 and VI and, on drying over calcium chloride, 
melted at 92” (melting point of I11 was 178”). The mass spectrum (m/z 
156) and elemental analysis of the solid were consistent with the con- 
clusion that the compound was VI. 


And-Calc. for C6H&JzO3: C, 46.15; H, 5.13; N, 17.95. Found C, 46.04; 
H, 5.22; N, 17.77. 


Kinetic Measurements-The rates of formation of hydroxymethyl 
derivatives of 111 and V were monitored spectrophotometrically by fol- 
lowing the change in UV absorbance that occurred when 0.1 ml of a 0.003 
M solution of 111 or V was added to a 1-cm stoppered UV cell containing 
3 ml of formaldehyde solution in buffer equilibrated at 25‘ and p = 0.1 
M. The rates of the forward and reverse reactions and the equilibrium 
constants were determined as already described. All kinetic runs were 
conducted under pseudo-first-order conditions in which formaldehyde 
was used in large excess. 


Determination of Equilibrium Constants by Spectrophotome- 
try-Solutions of uracil and 5-substituted uracils (0.0001 M) were pre- 
pared in buffered formaldehyde solutions. The solutions were equili- 
brated in a thermogtated bath at 25”. The UV absorbance of equilibrated 
solutions at a fixed wavelength was recorded at  several pH values (pH 
4-7), and equilibrium constants were calculated as described. 


Phase Solubility Studies-Uracil (500 mg) was weighed in a series 
of 25-ml polyseal-lined screw-capped vials to which was added exactly 
5 ml of formaldehyde of increasing concentrations (0-2 M )  in buffer (p 
= 0.1 M). The vials were sealed, placed in a constant-temperature water 
bath at 25.00 f 0.02’, and agitated with a rotating-action shaker until 
equilibrium was achieved (usually within 5 days). The total amount of 
uracil in solution in each vial was determined spectrophotometrically a t  
A, 257 nm by diluting aliquots of filtered equilibrated solutions in the 
buffer. 
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Abstract 0 The distribution, metabolism, and elimination kinetics a t  
two different doses of phenobarbital were examined in rats. After in- 
travenous injection, phenobarbital distributed very rapidly to the liver 
and kidneys, less rapidly to the muscle and gut, and much more slowly 
to the brain. At the higher dose, a concentration rebound was observed 
1 hr after injection. In addition, phenobarbital distributed unevenly in 
various organs as a result of a different extent of drug binding. A physi- 
ologically based model, including enterohepatic cycling and diffusion 
resistances between blood and tissue, is proposed for phenobarbital 
pharmacokinetics. It satisfactorily describes phenobarbital distribution 
in rats at the two doses and allows an evaluation of fundamental physi- 
cobiochemical parameters such as drug-tissue binding constants, 
blood-tissue transport coefficients, metabolism, and elimination rate 
constants. 


Keyphrases 0 Phenobarbital-physiologically based model for distri- 
bution, metabolism, and elimination kinetics in rats 0 Models, phar- 
macokinetic-for phenobarbital distribution, metabolism, and elimi- 
nation, rats 0 Pharmacokinetics-model for phenobarbital distribution, 
metabolism, and elimination, rats 


Physiologically based models are being used more fre- 
quently in pharmacokinetic studies (1,2). Based on ana- 
tomical and physiological characteristics and on drug 
physicochemical parameters, these models greatly facili- 
tate pharmacokinetic data interpretation and allow ex- 
trapolation outside the data range and to other species. 
Physiological models are of greatest interest for the de- 
termination of basic physicobiochemical parameters re- 
lating to drug disposition and action and for the rational 
design of drug posology. Their potential was recently il- 
lustrated for anticancer drugs (2) and for digoxin (31, 
thiopental (4,5),  and pesticides (6). 


The present study, which examined the distribution, 
metabolism, and elimination of phenobarbital following 
intravenous injection in rats, proposes a physiologically 
based pharmacokinetic model for phenobarbital. The drug, 
known to have different pharmacological action (sedative, 
hypnotic, and antiepileptic) depending on its concentra- 
tion level in the brain, is also a powerful inducer of hepatic 
metabolizing enzymes (7). A physiological model consid- 
ering phenobarbital diffusion to the brain, metabolism in 
the liver, binding to proteins and tissues, renal elimination, 
and intestinal resorption following biliary excretion can 
satisfactorily describe phenobarbital distribution and fate 
in rats. 


EXPERIMENTAL 


Male Sprague-Dawley rats', 200-240 g, were injected intravenously 
with an isotonic sodium chloride solution of phenobarbital sodium2. Two 


Domaine des Oncins, Saint-Germain sur l'Arbresle, France. 
Merck. 


doses, 30 and 50 mg/kg, were used. At different times after injection in 
the tail vein, the rats were decapitated, and blood and tissues were col- 
lected. After blood centrifugation at 9000 rpm, plasma was separated. 
Tissues and plasma were then stored at  -14' until analysis. 


Phenobarbital was extracted from plasma, urine, and bile using a 
one-step extraction procedure with chloroform; drug extraction from 
tissues and feces was performed with a previously described, two-step 
procedure with chloroform (8). Phenobarbital was then assayed in a gas 
chromatograph equipped with a nitrogen selective detector (9) to improve 
assay specificity and sensitivity. Analysis sensitivity is <1 pg of pheno- 
barbital/sample. 


For the evaluation of urinary excretion, rats were placed in metabolic 
cages. Urine, free from fecal contamination, was collected at timed in- 
tervals and then assayed for phenobarbital. The biliary excretion of 
phenobarbital was determined on bile duct-cannulated rats previously 
anesthetized with ether. 


Drug binding to plasma proteins was measured with an equilibrium 
dialysis system3. When using 1-ml polytef4 dialysis cells with cellulose 
membranes5, binding equilibrium can be rapidly achieved. Experiments 
were performed with undiluted plasma adjusted to pH 7.35 by carbogen 
(5% carbon dioxide, 95% oxygen) bubbled on one side of the membrane 
and an isotonic phosphate buffer (pH 7.35), initially spiked with phe- 
nobarbital, on the other side. Phenobarbital binding to the membrane 
was <5%. A total plasma concentration of 10-110 pg/ml was investi- 
gated. 


RESULTS 


Figure 1 shows the measured distribution of phenobarbital in the blood, 
liver, brain, muscle, intestine, and kidneys at the two injected doses of 
50 and 30 mg/kg. Each point represents the mean obtained for five rats, 
with a standard deviation between 15 and 20%. The following phar- 
macokinetic characteristics can be observed. First, while phenobarbital 
distributed very rapidly in the liver and kidneys, it entered more slowly 
in brain, muscle, and intestine, probably because of mass transport 
limitations. The slowness of drug diffusion was particularly pronounced 
in the brain where the maximum concentration was reached only after 
1 hr a t  the two investigated doses. 


Second, a concentration rebound was observed in blood and several 
organs, -1 hr after drug injection, a t  least a t  the higher dose. This phe- 
nomenon may be the result of enterohepatic cycline. A biliary excretion 
of unchanged phenobarbital (-110 pg in the 1st hr a t  the high dose) was 
indeed observed in bile duct-cannulated rats. 


Third, during the elimination phase, the concentration remained at 
different levels in the various organs, with the liver presenting the highest 
phenobarbital affinity. This result suggests different binding extents by 
plasma proteins and tissues. 


Further insight into the kinetics of the limiting processes is obtained 
by plotting the ratio of the drug concentration over the administered dose. 
As seen in Fig. 2 for the various tissues, the points corresponding to the 
two doses come close together, indicating that phenobarbital pharma- 
cokinetics can be considered dose independent at the investigated con- 
centrations. Consequently, in a first approximation, first-order transport, 
metabolism, and excretion processes, as well as linear phenobarbital 
binding to plasma proteins and tissues, may be assumed. 


~ 
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Figure 1-Time evolution of phenobarbital distribution in rat tissues 
after intravenous injection of 50 (a) and 30 (b) mglkg. K e y  (solid sym-  
bols for a and open symbols for b): m, 0,  plasma; +, 0 ,  brain; V, V, liver; ., 0, kidneys; and 0, 0, muscle; A, gut. 


The kinetics of urinary excretion were independently determined by 
simultaneously measuring the rate of urinary excretion and plotting the 
results as a function of drug plasma concentration. Figure 3 shows that 
the elimination rate was proportional to plasma concentration for con- 
centrations of <30 pg/ml, with, however, the rate falling off a t  higher 
levels. During the first 24 hr, the total amount of excreted unchanged 
phenobarbital was -10% of the administered dose. 


THEORY 


Flow-Sheet Diagram-In its basic structure, the model in Scheme 
I is similar to models previously proposed for other drugs (4,lO). It depicts 
the main organs (brain, liver, gut, kidneys, and muscles) represented by 
a physiological compartment and connected by the blood network. 
Moreover, each organ and tissue is subdivided into the flowing blood and 
the tissue region. Tissues not experimentally considered are lumped into 
an additional compartment, called “remaining distribution volume,” 
analogous to the distribution volume concept introduced in classical 
pharmacokinetics. 


In view of the previous experimental results, the model also takes into 
account the enterohepatic cycle. The progress of the biliary-secreted drug 
towards the gut is handled by a plug flow compartment with a given 
residence time. Since the intestinal resorption of phenobarbital is rela- 
tively fast, the excreted drug is assumed to be directly transferred to the 
gut tissue. 


In addition, this model includes some diffusional limitations between 
the perfusing blood and the brain, muscle, and intestinal tissues. In other 
organs, drug membrane transport is fast enough to assume equilibrium 
between blood and tissue. 


To account for drug elimination, the model also considers drug me- 
tabolism in the liver tissue and urinary excretion in the kidney. 


Injection-To represent intravenous administration of the drug, the 
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Figure %-Variation with t ime  of t h e  ratio of phenobarbital concen- 
trat ion over t h e  administered dose in various rat tissues as calculated 
from Fig. 1 Key: solid symbols, 50 mglkg; and open  symbols, 30 mg/ 
kg. 


injection function D g ( t )  proposed by Bischoff and Dedrick (4) was used 
such that: 


(Eq. 1) 


where g ( t )  is a normalized impulse function (minutes-’), 0 is the injection 
duration (minutes), and D is the total dose (micrograms). 


Drug Binding to  Plasma Proteins-The total blood concentration 
can be expressed as: 


(Eq. 2) Chi = (1 - HEM) Cb + HEM Chic 


where: 


Cgl = total blood concentration (micrograms per milliliter) 
C $  = total plasma concentration 


Chic = total blood cell concentration. 
HEM = hematocrit (dimensionless) 


It was observed experimentally that for phenobarbital the total blood 
concentration is equal to the total plasma concentration, i.e.: 


ChI = c; = chic (Eq. 3) 


In the plasma, it is necessary to distinguish between the free and bound 


c$=cp+cp (Eq. 4) 


Blood may thus be assimilated to plasma. 


drug Concentration: 


where C p  is the free plasma concentration, and C, is the bound plasma 
concentration. 


According to drug binding experiments, there is a linear relationship 
between plasma bound and free phenobarbital concentrations, i.e. : 
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Figure 3-Rate of urinary phenobarbitat excretion as  a funct ion of 
plasma concentration after a 30-mglkg iu dose. T h e  rate was calculated 
f rom the  quant i ty  of phenobarbital excreted over 2 hr, and the corre- 
sponding plasma concentration is the one at the middle of the collection 
period. T h e  urinary elimination rate constant was evaluated from the  
slope of the  line drawn through the  experimental points. 


Cb = bpCp (Eq. 5) 


where bp represents the plasma binding constant. Accordingly, the total 
plasma concentration is simply related to the free concentration by: 


C> = (1 + bp)Cp (Eq. 6) 


Drug Binding to Tissues-As previously proposed (4) ,  the total tissue 
concentration is expressed as: 


C ? = f T C T  + (1 -fT)c; (Eq. 7) 


where: 


C$ = total tissue concentration 
CT = free tissue concentration 
Ck = bound tissue concentration 
f T  = water fraction of tissue (dimensionless) 


Preliminary binding experiments with diluted muscles, as well as other 
results (11) with rat lung and liver slices, suggest a linear relationship for 
phenobarbital tissue binding, i.e.: 


ck = bTCT (Eq. 8) 


where bT is the binding constant of the tissue. Under these conditions: 


c? = VT + (1 - fT)bTICT 0%. 9) 


According to Eqs. 6 and 9, for blood and tissues the total concentration, 
C * ,  is proportional to the free concentration, C: 


c* = @C (Eq. 10) 


where: 


@ =  f + (1 - f ) b  (Eq. 11) 


The proportionality constant, a, represents the binding ability of blood 
and tissues (12). 


Blood-Tissue Distribution-In organs where the transport of drug 
between blood and tissue is very fast, equal free concentrations in plasma 
and tissue were assumed, i.e.: 


CT = c p  (Eq. 12) 


However, in brain, muscle, and gut, drug transport between blood and 
tissue may represent a limiting process. Under these conditions the 
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Scheme I-Physiological pharmacokinetic model for phenobarbital. 


transport rate is expressed as: 


rt = H ( C p  - C T )  (Eq. 13) 


where rt is the drug transport rate from plasma to tissue (wg/min), and 
H is the drug transport coefficient or tissue permeability (ml/min). 


Drug Elimination Processes-Phenobarbital elimination by urinary 
excretion, hepatic metabolism, and biliary excretion is assumed to be a 
first-order process and thus is represented by: 


re = KCT (Eq. 14) 


where: 


re = elimination rate (pg/min) 
K = elimination (excretion or metabolism) rate constant (ml/min) 


CT = free concentration in elimination tissue (pg/ml) 


The total amount of drug, E (in micrograms), excreted in a given organ 
is equal to: 


E = J ' K C T d t  (Eq. 15) 


where t is time (minutes). 
Mass Balance Equations-The resulting mass balance equations for 


the various compartments are as follows (notation is given in the Ap- 
pendix) .  


For blood: 
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Table I-Values of uarameters for a Standard 200-9 Male Rat 


Compartment 


Physiological Parameters Pharmacokinetic Parameters 
Water Binding Transfer Elimination 


Volume, ml Blood FractionC Constant Ability Coefficient, Constant, 
Tissue Bloodb Flow, ml/min (f) (b)  (9) ml/min ml/min 


Blood 
Brain 
Gut 


- 1.1 2.1 
0.80 1.1 1. 0.15 


13 58(*) 
2 0.022 2 
5.6 0.23 8.5 0.76 1.7 1.2 20 K h  = 1 


Liver 6.7 0.7 1 0.75 6.7 2.4 K ,  = 0.4 
Kidneys 2.3 0.21 8.5 
Muscle 93 0.4 10 
Remaining distribution volume 55 28d 


~~ 


0.80 6.1 2. Kl= 0.04 
0.78 3.6 1.6 50 


References 3.5, and 13-23. Blood permitted to ooze from tissue (13). From dog values (5). Calculated from difference between total cardiac output (*) and the 
sum of the tissue blood flows. 


For gut blood: 


+ H c ( C c . 7  - C C , B ~ )  (Eq. 18a) 


For gut tissue: 


where C f j T d e l )  is the free tissular liver concentration at  time ( t  - 
Tdel). 


For liver: 


(Eq. 1%) 


(Eq. 21a) 


For muscle tissue: 


(Eq. 21b) dCM,T - 
V M , T * M  - - f f M ( c M , B I  - C M , T )  d t  


For the remaining distribution volume: 


(Eq. 22) 


The resulting set of nonlinear differential equations is solved simul- 
taneously with a fourth-order Runge-Kutta method on a digital com- 
puter. 


Values of Parameters-The various anatomic and physiological 
parameters, blood flow rates, tissue volumes, and water fractions for a 
200-g male rat are summarized in Table I. The remaining distribution 
volume was determined by fitting the theoretical curves to the experi- 
mental results. 


For the intravenous drug injection, a value of 0.25 min for 0 is repre- 
sentative of the experimental conditions. 


The plasma binding constant bp was experimentally determined as 
1.1, which corresponds to a proportionality constant, @p,  of 2.1 between 
the total and free plasma concentration. The binding constants bT for 


the tissues as defined in Eq. 8 were obtained by curve fitting. They were 
most precisely determined from the different drug levels in the elimi- 
nation phase, as experimentally observed in Fig. 1. The resulting values 
of bT and the tissue binding ability +T, i .e. ,  the proportionality constant 
between total and free concentration, are shown in Table I. 


The urinary elimination constant, K u ,  defined in Eq. 20b as the pro- 
portionality constant between the rate of urinary elimination and the free 
tissue, i .e.,  free plasma, concentration in the kidney can be simply eval- 
uated from the slope of the line obtained on Fig. 3 as 0.04 ml/min. 


The metabolism rate constant K,, which, according to Eq. 14, relates 
the rate of metabolism to the free liver tissue concentration, was esti- 
mated by dividing the amount of drug metabolized, -80% of the dose, 
during the first 24 hr by the area under the free plasmatic concentration 
uersus time curve (assuming equal free plasma and free liver tissue 
concentration): 


CF d t  


This evaluation procedure yields a value of 0.4 ml/min for K,. 
As previously suggested (12), the passage of the drug through the en- 


terohepatic cycle was approximated in Eq. 1% by a delay time, Tdei, 
which approximates the drug travel through the bile and down the small 
intestine before absorption in the gut tissue. This residence time, Tdel, 
through the enterohepatic cycle was adjusted to 55 min to obtain a con- 
centration rebound -1 hr after drug injection. The magnitude of the 
biliary excretion constant, Kb, which directly determines the height of 
the concentration rebound, was chosen as 1 ml/min. 


Finally, blood-tissue transfer coefficients in brain, muscle, and gut were 
determined by fitting the theoretical curves to the experimentally ob- 
served tissue concentrations during the distribution phase. The corre- 
sponding values are given in Table I. 


DISCUSSION 


The theoretical drug distribution curves in the various compartments 
obtained with the previously defined model are shown in Fig. 4. The two 
sets of curves corresponding to the two injected doses of 30 and 50 mg/kg 
were calculated with the same physiological and pharmacokinetic pa- 
rameters (Table I). 


Although in its present state the model does not perfectly describe the 
observed phenobarbital distribution, it appears satisfactory in many 
respects. It is the simplest possible model based on the animal anatomy 
and taking into account key physiological parameters such as protein and 
tissue binding, liver metabolism, renal excretion, bile excretion, intestinal 
reabsorption, and tissue diffusion. This model, which only entails simple 
first-order physical and chemical rate processes, can especially account 
for the slow drug penetration in the brain, for the concentration rebound 
1 hr after injection, and for different tissue drug levels during the elimi- 
nation phase. Moreover, for several tissues it adequately predicts drug 
levels a t  two different doses, a t  least at the lower dose. 


The present model can be improved to get a close agreement with ex- 
perimental observation. The model does not precisely describe, at the 
two doses, the relatively narrow peak or its exact height in the brain tissue. 
The introduction into the model of a simple reversible mass transfer 
process through the brain-blood barrier accounts for the relatively slow 
drug entry into the brain but also results in slow drug release during the 
elimination phase. The observed rapid phenobarbital concentration 
decrease in the brain may be explained and modeled by some more 
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Figure 4-Calculated time distribution of phenobarbital in various rat 
tissues, using the physiologically bused pharmacokinetic model at 50 
and 30 mglkg. The corresponding experimental points are taken from 
Fig. 1 .  Key: solid symbols, 50 mglkg; and open symbols, 30 mglkg. 


complex asymmetric transport process, which greatly favors drug 
transport, at  least during the elimination phase. Some active drug se- 
cretion from brain tissue to the peripheral blood was experimentally 
demonstrated for triamterene (24) and salicylic acid (25). 


Another observation concerns the enterohepatic cycle, which was in- 
troduced in the model to explain the phenobarbital concentration re- 
bound. Similar rebounds were observed in rats with morphine (271, 
phenolphthalein (28), and phenytoin metabolites (29). The lag time 
ranged from 4 to 6 hr, accounting, in addition to hepatic formation and 
biliary excretion, for the intestinal hydrolysis of the glucurono conjugate 
prior to reabsorption of the compound; this rebound did not occur with 
bile duct-cannulated rats (28,29). 


As demonstrated by the present model, despite continuous bile flow 
in the rat, phenobarbital biliary excretion followed by intestinal reab- 
sorption can partly account for the concentration rebound observed at  
the higher dose -1 hr after drug injection. This phenomenon can be 
theoretically obtained by considering a mean residence time of -55 min 
of the drug through bile and intestine before reabsorption, provided the 
excreted drug Concentration is sufficiently high. Autoradiographic studies 
with [14C]phenobarbita17 demonstrated an intensive enterohepatic re- 
cycling. On the other hand, Caldwell et aL6 found that -35% of an in- 
traperitoneal [14C]phenobarbital dose was excreted by the bile while only 
1% was recovered in the feces during the first 24 hr. Moreover, unme- 
tabolized phenobarbital seems to represent about one-third of the total 
gut content radioactivity. Personal experiments and other work (26) on 
bile duct-cannulated rats confirm the biliary excretion of unmodified 
phenobarbital. 


However, according to this model based on a simple delay time through 
the enterohepatic cycle, an approximate 10-fold greater amount of phe- 
nobarbital than that experimentally observed has to be excreted in the 
bile to account for the observed peak height. Thus, further experiments 
are necessary to quantify the mechanism of biliary excretion. Moreover, 
if enterohepatic cycling is the actual phenomenon responsible for the 
concentration rebound, a more detailed representation of the cycle may 
be needed to improve model validity. 


According to Fig. 4, phenobarbital elimination at  the high dose is 
slightly faster than that predicted by simple first-order renal excretion 
and liver metabolism. A better quantitative understanding of the various 
elimination processes represents another prerequisite for better physi- 
ological modeling. 


In the present model, a remaining distribution volume was introduced 
to represent all nonspecified organs and tissues. This distribution volume 


A. Rico, &ole Nationale VBtBrinaire, Toulouse, France, unpublished data. 


can account for the approximate 30% of the dose that distributes else- 
where than in blood, liver, brain, muscle, gut, and kidneys. According to 
autoradiographic results7 for phenobarbital, the remaining distribution 
volume corresponds primarily to fat, lungs, and the heart, providing that 
in all tissues, except for the intestine and gut contents, there are no me- 
tabolites but only unchanged drug6. 


In conclusion, a relatively simple model based on the animal physiology 
and physicochemical drug parameters to a first approximation describes 
the main characteristics of phenobarbital pharmacokinetics. This model 
has many features similar to physiological models recently proposed for 
other compounds (3,6,10,30). 


APPENDIX 


b = linear binding constant (dimensionless) 
C = free drug concentration (micrograms per milliliter of 


C' = bound drug concentration (micrograms per gram of dry 


C* = total drug concentration (micrograms per milliliter of 


D = dose (micrograms) 
E = total amount eliminated by one-way metabolism, bile, or 


f = fraction of water (dimensionless) 


water) 


matter) 


blood or micrograms per gram of tissue) 


urine during a period of time (micrograms) 


g ( t )  = normalized impulse injection function (minutes-') 
H = transport coefficient between blood and tissue (milliliters 


per minute) 
HEM = hematocrit (dimensionless) 


K = elimination constant by metabolism (K,,,), bile (&), or 


re = elimination rate (micrograms per minute) 
rt = drug transport rate from plasma to tissue (micrograms 


urine (K , )  (milliliters per minute) 


per minute) 
t = time (minute) 


(minute) 
Tdel = step-delay time accounting for the biliary excretion 


V = volume (milliliter) 
@ = global binding coefficient for blood or tissue 


0 = injection duration (minute) 
(dimensionless) 


B1 = blood pool 
B1C = blood cells 


Br = brain 
G = gyt 
K = kidneys 
L = liver 


M = muscle 
P = plasma 
R = remaining distribution volume 
T = tissue 


X,B1 = blood compartment of the considered organ or tissue X 
X,T = tissue compartment of the considered organ or tissue X 
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Solubility Behavior of Barbituric Acids in Aqueous 
Solution of Sodium Alkyl Sulfonate as a Function of 
Concentration and Temperature 
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Abstract The solubility of 13 barbituric acids was determined in 
aqueous solutions of sodium alkyl sulfonate. The effects of concentration 
and temperature were investigated, and the thermodynamic functions 
of the solubilization process were calculated. An analysis of the location 
of a solubilized species within a micelle is suggested in terms of the sign 
and amplitude of the standard entropy of solubilization, which is strongly 
positive for micelle penetration and negative for adsorption. A solubili- 
zation mechanism through adsorption onto the micellar surface is sug- 
gested for most of the barbituric acids studied. The enthalpy/entropy 
compensation phenomenon was identical for barbituric acids in ionic and 
nonionic (polyoxyethylene lauryl ether) surfactant solutions with a 
compensation temperature of 270 OK, indicating common behavior of 
these compounds with respect to micellar solubilization. The concept of 
molecular surface area was used to correlate the free energy of solubili- 
zation of the solutes to their size and structure. A linear relationship was 
found with an excellent correlation factor for the alkane derivatives of 
the 5-ethyl-barbituric acids. The specific behavior of some of the bar- 
bituric acids investigated is discussed. 


Keyphrases Solubility-barbituric acids in aqueous sodium alkyl 
sulfonate, thermodynamics Thermodynamics-solubility of barbituric 
acids in aqueous sodium alkyl sulfonate 0 Barbituric acids-solubility 
in aqueous sodium alkyl sulfonate, thermodynamics 


The increase in solubility of poorly soluble preservatives 
in water by the addition of surfactants has been the subject 
of a large number of studies (1, 2). This phenomenon is 
related to the formation of micelles in water, but the 
availability of the preservative as an active agent is highly 
dependent on the molecular attachment site, and this 
subject is still a controversial matter. Opposite views have 
been proposed for barbituric acids, such as adsorption at  
the micelle interface (3) or incorporation into the micelle 
hydrocarbon core (4). However, for simpler molecules like 


acetone or urea, which may be considered model com- 
pounds for barbituric acids, thermodynamic evidence 
shows that these molecules hardly penetrate the micelle 
interior, a t  least a t  the critical micelle concentration 
(CMC) and for ionic micelles (5 ,6) .  


BACKGROUND 


Studies on the solubilization of barbituric acids have been mostly (7) 
restricted to the influence of nonionic surfactants (3,4, €&lo). Few of these 
studies were concerned with the determination of thermodynamic 
functions such as free energy, enthalpy, and entropy (3). In fact, few 
papers have been published on this subject for compounds other than 
barbituric acids (3, 11,12). 


The present work investigated the solubilization properties of sodium 
alkyl sulfonate. Its biodegradability and nontoxic properties, even at  high 
surfactant concentration, make it an interesting surfactant in formulation 
problems (13). The barbituric acids are useful compounds in this respect 
since the possibility of changing, almost at  will, the radicals attached to 
the malonylurea ring permits the study of the influence of shape and 
structure on the solubilization process. Thus, previous studies (14) on 
the molecular surface area concept and the investigation of the effects 
of temperature on barbituric solutions have indicated the use of the en- 
tropy function to deduce the chemical environment of compounds sol- 
ubilized by micelles. 


EXPERIMENTAL 


Materials-Sodium alkyl sulfonate’ was composed of 90.7% (by 
weight) monosulfonated detergent, 8.8% polysulfonated compound, and 
0.5% unsulfonated product. The monosulfonated compound was a mix- 
ture of C14H2gS03Na and C15H31S03Na, so a molecular weight of 323 was 
adopted in the concentration calculations. The CMC of the detergent 
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Aminoglutethimide Bioavailability, Pharmacokinetics, and 
Binding to  Blood Constituents 
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Abstract The bioavailability of aminoglutethimide tablets was ex- 
amined using a spectrophotometric assay. For six subjects receiving 500 
mg of aminoglutethimide as an oral solution, the average peak concen- 
tration was 6.2 pg/ml with a median time of 0.8 hr. The corresponding 
average peak concentration for tablet administration was 5.9 pg/ml with 
a median time of 1.5 hr. Average values for the area under the curve 
(AUC) extrapolated to infinity were 89.0 and 96.8 pg hr/ml for the solu- 
tion and tablets, respectively. The tablets had a 9% larger mean for the 
AUC than the solution and a 5% lower value for the mean maximum 
concentration. The bioavailability of the tablets is considered equal to 
that of oral solution. Data for individual concentration versus time curves 
were treated by nonlinear least-squares curve fitting. A two-compartment 
model with first-order absorption gave an acceptable fit for most data 
sets, but the individual absorption rate coefficients were not reliably 
determined. Values were estimated for plasma clearance, renal clearance, 
and volume of distribution. The distribution of aminoglutethimide be- 
tween plasma and cells of human blood was examined in uitro; the drug 
concentration in cells was 1.P1.7 times the concentration in plasma. The 
binding of aminoglutethimide to plasma proteins of human blood was 
measured by equilibrium dialysis a t  starting concentrations of 5 and 10 
pg/ml. The binding ranged from 21.3 to 25.0% without concentration 
dependence. 


Keyphrases Aminoglutethimide-bioavailability, pharmacokinetics, 
binding to blood constituents CI Bioavailability-aminoglutethimide, 
pharmacokinetics, binding to blood constituents CI Pharmacokinet- 
ics-aminoglutethimide, bioavailability, binding to blood constituents 


Aminoglutethimide, a-(p-aminopheny1)-a-ethylglu- 
tarimide, is an inhibitor of adrenal corticosteroid biogen- 
esis (1) used for the treatment of Cushing's syndrome (2). 
The urinary excretion of aminoglutethimide in humans 
was measured and accounted for 39 and 54% of 250- and 
500-mg oral doses, respectively (3). Acetamidoglutethi- 
mide was reported as a metabolite in human urine (4). An 
assay procedure for aminoglutethimide in plasma and 
information about its half-life, clearance, and compliance 
in patients were reported previously (5). The purposes of 
the present study were to evaluate the bioavailability of 
a commercial dosage form1, to explore the pharmacoki- 
netics, and to measure the binding of aminoglutethimide 
to blood constituents. 


EXPERIMENTAL 


Clinical Study Protocols-Eight healthy adult male volunteers, 
25-54 years of age, were given a copy of the appropriate protocol and full 
information about the drug; they signed statements of informed consent. 
Each subject was screened regarding general health and history of drug 
hypersensitivity and underwent a physical examination, urine analysis, 
and a hematologic and blood chemistry analysis. The subjects ranged in 
height from 173 to 188 cm and in weight from 64 to 91 kg. Each subject 
was instructed to avoid any medication during the study and during the 
preceding week. The consumption of alcoholic beverages was prohibited 
during and for 3 days preceding the study. 


Two subjects participated in a pilot study, and six others participated 
in a random crossover bioavailability study with a washout period of 14 
days. 


Cytadren, 250-mg tablets, E-10447, Ciha-Geigy Corp. 


Aminoglutethimide (500 mg) was administered in the morning after 
an overnight fast. No food or liquid other than water was permitted until 
2 hr after drug administration, when a simple standard breakfast was 
allowed. Samples (10 ml) of venous blood were collected2 at 0,0.25,0.50, 
0.75,1,2,3,4,5,6,12,24, and 48 hr in the pilot study and at 0,0.33,0.66, 
1, 1.5, 2, 2.5, 3, 6, 9, 12, 15, and 24 hr in the bioavailability study. The 
heparinized blood samples were centrifuged, and the plasmas were sep- 
arated. Saliva production was stimulated during the bioavailability study 
by having the subjects chew a small piece of paraffin3, and 2-ml saliva 
samples were obtained at the same time that the 0-, 1-, 2-, 3-, 6-, 9-, and 
12-hr blood samples were drawn. Total urines were collected during the 
pilot study at intervals ending at  2,4,6,12,24, and 48 hr. Samples were 
frozen until analysis. 


Assay Methodology-Plasma, urine, and saliva samples were ana- 
lyzed for aminoglutethimide by the quantitative spectrophotometric 
method described previously, which involves extraction with chloroform 
and reaction with diazotized p-dimethylaminobenzaldehyde (5). The 
method was tested before use by analysis of control samples to which 
aminoglutethimide had been added. Frozen samples of human control 
plasma were thawed, pooled, and centrifuged to remove solids. Syringes4 
were used to add 0, 23,30,52,57,80, and 160 pl of a l-pg/pl solution of 
aminoglutethimide in ethanol to seven 40-ml centrifuge tubes. The al- 
cohol was evaporated, and 10.0 ml of plasma was added to each tube. 
Polytef-lined screw-capped tubes were rotated for 15 min. Approximately 
2.5 ml of each concentration of aminoglutethimide in plasma was placed 
in triplicate into vials. Two blanks were added, and the vials then were 
number coded in random sequence. All samples were frozen as soon as 
prepared and stored at  -10" pending analysis. 


The specificity of the method was examined with respect to the me- 
tabolite acetamidoglutethimide and three other metabolites isolated from 
rat urine5. Aliquots (8,25, and 40 pl) of a 1-pg/pl solution of each me- 
tabolite were placed in duplicate into test tubes, evaporated, redissolved 
in ethanol, and analyzed without extraction. 


The stability of aminoglutethimide in plasma during frozen storage 
at -10" was examined. Aminoglutethimide was added to  plasma from 
control volunteers to provide concentrations of 5, 10, and 15 pg/ml. 
Replicate aliquots of each concentration and blank were placed into 
separate vials. One set was analyzed immediately; the other sets were 
stored in a freezer pending analysis after 1,5,15, and 30 days. 


Binding Methodology-For the whole blood distribution experi- 
ments, a 2.0-mg/ml stock solution of aminoglutethimide in ethanol was 
diluted 10-fold with 0.9% saline. The resulting 0.2-mg/ml solution was 
added to heparinized whole blood obtained within 2 hr from three healthy 
human volunteers. Concentrations of 0,5, and 10 pg/ml were prepared 
and equilibrated in a shaking water bath for 30 min at  37". Plasma was 
prepared by centrifugation and stored overnight in a freezer pending 
analysis. The concentration of drug in cells was calculated as follows: 


pg/ml in cells = 
pg/ml in blood - pg/ml in plasma 


hematocrit 
+ pg/ml in plasma (Eq. 1) 


Binding of aminoglutethimide by plasma proteins was measured by 
equilibrium dialysis against pH 7.4 isotonic buffer. Aminoglutethimide 
in ethanol (1.0 mg/ml) was added to heparinized plasma from different 
individuals to produce 5- and lO-pg/ml concentrations. The dialysis 
buffer was prepared by mixing 8.7 ml of 5.4 gniter KHzPO4 with 30.4 ml 
of 10.7 g/liter NazHP0~7Hz0, adding 4.5 g of NaCl, and diluting to 500 
ml. The pH was adjusted to 7.4. Dialysis membranes were prepared for 


Becton-Dickinson green-topped Vacutainers were used. 
Parafilm M, American Can Co., Greenwich, CT 06830. 
Hamilton. 


5 Metabolites of aminoglutethimide were obtained from Mr. Hp. Egger, Ciba- 
Geigy Corp., Ardsley, NY 10502. 
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Table I-Number of Subjects Having Treatment Emergent 
Signs and Symptoms during Aminoglutethimide Administration 


Sign or Ethanolic Solution Tablets 
SvmDtom Mild Moderate Severe Mild Moderate Severe " .  


- - 1 
2 


- 
- - 


Dizziness 1 4 
Light headedness - - - 
Sedation 1 - - 2 1 
Headache 1 


- 
- - - - - 


use by boiling in distilled water for 5 min and rinsing thoroughly. The 
membranes were stored under water in a refrigerator. Dialysis was carried 
out for 18 hr using 5-ml cells in a shaking water bath at  37O. Aliquots (2.0 
ml) of both the dialyzed plasma and buffer were analyzed for aminoglu- 
tethimide. 


Data Evaluation-The bioavailability of the aminoglutethimide 
tablets was evaluated by comparison of the area under the curve (AUC) 
extrapolated to infinity for plasma concentration curves resulting from 
two 250-mg tablets and from 500 mg of aminoglutethimide dissolved in 
a special vehicle containing 10% ethanol, 30% propylene glycol, and 10% 
glycerin. The AUC values were obtained by application of the trapezoidal 
rule. Peak plasma concentrations (C,,,), times of peak concentration 
(T,,,), and half-lives (Tl/z) also were examined. 


Pharmacokinetic Analysis-Nonlinear least-squares curve fitting 
was carried out using AUTOAN and NONLIN computer programs. 
Values for clearance and the volume of distribution were calculated as 
follows, where t i  - t z  is elapsed time: 


(Eq. 2) 


(Eq. 3) 


amount excreted t l  - t z  renal clearance = 
AUC t i  - t z  


plasma clearance = dose/AUC 


(Eq. 4) 


Kzi + Kiz v,, = v,- 
Kzi 


(Eq. 6) 


RESULTS AND DISCUSSION 


Assay Validation-The assay procedure was tested by blind analysis 
of a group of 20 samples of human plasma to which known amounts of 
aminoglutethimide from 2.3 to 16 pg/ml had been added. Replicates and 
blank samples were included. The samples were analyzed in random se- 
quence, and the concentrations were unknown to the analyst until later. 
The mean and standard deviation for the percent recovery in the blind 
validation experiment were 97.4 f 3.8, demonstrating good accuracy and 
precision. Plasma calibration standards of three different concentrations 
were freshly prepared and analyzed on 14 occasions during several 
months. The mean of slopes for the standard curves and also the mean 


, 
0 8 16 24 32 40 48 


HOURS 
Figure 1-Urinary excretion of aminoglutethimide by two subjects 
after two 250-mg tablets. 


Table 11-Renal Clearance of Aminoglutethimide 


Interval, Rc 7 


Mean f SD Subject hr ml/min 


1 0-2 24 30.4 f 5.9 
2-4 25 
4-6 31 
6-12 38 . ~~ 


12-24 
2 0-2 


2-4 
4-6 
6-12 


34 
33 37.6 f 8.4 
28 
36 
50 


12-24 41 


analytical response for each drug level had relative deviations of 2%, 
showing excellent agreement. 


The stability of aminoglutethimide in plasma during frozen storage 
was examined. Aminoglutethimide was added to human control plasma 
to obtain concentrations of 5.0,10.0, and 15.0 pg/ml. Aliquots were ana- 
lyzed after 0, l, 5,15, and 30 days of frozen storage, and the percent re- 
coveries ranged from 96 to 103% with no apparent trend. All samples in 
the bioavailability study were analyzed before 30 days of storage had 
elapsed. 


The assay is applicable to urine and saliva as well as to plasma. Five 
2.0-ml aliquots of human urine to which 2.5-15.0 pg/ml of aminoglu- 
tethimide had been added were analyzed to test the procedure. The av- 
erage recovery and standard deviation were 91.4 f 3.2%. A similar re- 
covery experiment with saliva gave 99.4 f 1.1%. 


Acetamidoglutethimide and three metabolites of unknown structure 
from rat urine did not cause any response in the assay. 


Clinical Observations-Each subject completed the study as 
planned. Table I shows that no severe signs or symptoms appeared, al- 
though four subjects complained of moderate dizziness after receiving 
aminoglutethimide in ethanolic solution. This effect probably resulted 
from ingestion of ethanol while fasting. In no case did the symptoms 
prevent the subjects from performing their usual activities. 


Cumulative Percent of Dose Excreted-The cumulative percent 
of aminoglutethimide excreted unchanged in urine was measured for the 
two subjects who ingested two 250-mg tablets in the pilot experiment (Fig. 
1). Renal excretion of unchanged drug proceeded slowly and accounted 
for 35.0-42.6% of the dose during 48 hr. These values are in accord with 
those reported previously (3). Urine was not obtained in the six-subject 
bioavailability experiment. 


Renal Clearance-Renal clearance was calculated for the two subjects 
for whom both urine and plasma samples were obtained (Table 11). The 
values suggest that aminoglutethimide may be processed renally by 
glomerular filtration with passive tubular reabsorption of some filtered 


9 


i 
4 8 12 16 20 24 


HOURS 


Figure 2-Aminoglutethimide in plasma, showing averages for solution 
(0) and tablets (0) after 500-mg doses in the six-subject crossouer 
study. 
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Table 111-Concentration Maximum, Half-Life, and Area under the Curve for Aminogluthethimide in Plasma 


3 
4 
5 


5.3 2.0 9 
5.0 2.0 12 
7.4 0.7 14 


70 
88 


101 
96 
74 


105 


5.9 1.5 10 
5.8 1.5 12 
5.8 0.7 13 


88 
93 
97 


0.3 
1.0 
0.7 


~~ 


16 
12 
12 


5.6 
6.1 
6.3 


1.5 15 
1.0 13 
1.5 12 


101 
95 


107 


6 
7 
8 


7.2 
4.9 
7.1 


Mean 6.2 1.1 12.5 89 5.9 1.3 12.5 97 
1.2 0.7 2.3 14 0.2 0.3 1.6 7 SD 


Median - 0.8 - - - - 1.5 - 


Table IV-Pharmacokinetic Parameters from Computer Modeling of Aminoglutethimide Plasma Data 


Dosage 
Form Subject r2 K ~ I  Kiz co Lag Time 


0.1097 1.053 9.6 0.3 
0.0719 0.085 6.8 0.1 
0.0676 0.284 6.4 0.3 
0.0747 0.297 7.6 0.2 
0.0839 0.298 8.1 0.3 
0.0590 0.026 6.9 0.3 
0.2496 0.266 22.6 0.8 
0.0609 0.009 5.4 0.2 
0.0797 0.249 8.3 0.3 
0.0810 0.173 6.8 None 
0.0816 0.291 6.2 0.1 
0.0690 0.064 7.6 None 


2.800 1.917 
2.212 0.334 


10.750 1.284 
2.718 0.477 
2.841 0.494 


8 0.999 
3 0.835 
4 0.998 
5 0.999 
6 0.991 
7 0.999 
8 0.998 


4.341 0.097 
0.395 0.115 
2.632 0.283 
9.659 0.359 
8.590 0.336 
3.440 0.678 
3.906 0.210 


Solution 


Plasma Concentration-Time Curves-The concentration-time 
curves were similar for all subjects. Maximum concentrations of 4.9-7.4 
pg/ml were found 0.3-2.0 hr after ingestion of 500 mg of aminoglutethi- 
mide in solution, and two 250-mg tablets resulted in peak concentrations 
of 5.6-6.3 pg/ml occurring 0.7-1.5 hr after ingestion (Table 111). An ini- 
tially rapid decline was followed by a slower decline having a half-life of 
9-16 hr for the solution and 10-15 hr for the tablets. 


A graph of the average plasma concentrations (Fig. 2) shows similar, 
but not superimposable curves. The tablets had a 9% larger average for 
the AUC than the solution (Table 111). A difference in AUC of this 
magnitude has little practical significance, and the tablet formulation 
may be considered bioequivalent to the solution. It is common practice 
to assess the absorption efficiency of tablets relative to an oral solution 
by calculating a ratio of average AUC values. According to pharmaco- 
kinetic theory, the ratio of areas equals a ratio of the fraction of each dose 
absorbed if the plasma clearance (C,)  is the same (6). The tablets and 
solution had average C, values of 86.2 and 95.7 ml/min, respectively. 
Since the tablets and solution were administered a t  the same dose level 
in a random crossover pattern, the apparent differences in C, and AUC 
values probably are artifacts of the data. The Cmax value for the solution 
was 5% larger than for the tablets, and the average terminal half-life value 
was 12.5 hr for both the tablets and solution. This value for aminoglu- 


tethimide half-life agrees well with the average 13.3 hr reported for an 
initial dosage of six patients (6). The time of peak concentration was 
slightly earlier for solution, 0.8 hr uersus 1.5 hr for tablets. 


Nonlinear least-squares curve fitting of plasma data using AUTOAN 
and NONLIN computer programs with equal weighting of data gave 
equations of acceptable fit using a two-compartment model with first- 
order absorption. Values for the squared correlation coefficient were 
>0.99 in all but one instance (Table IV). However, the standard devia- 
tions for the individual absorption rate constants were too great for 
meaningful evaluation of this parameter. 


Values for C, are shown in Table V. The observed average C, values 
of 86.2 and 95.7 ml/min indicate a moderate clearance rate. Table V also 
shows values for principal volume of distribution parameters. In the 
absence of intravenous data, the dose was assumed to be completely 
absorbed. The values for clearance and volumes of distribution are 
overestimated if this assumption is incorrect. 


Binding to  Blood Cells and Plasma Proteins-The distribution of 
aminoglutethimide between plasma and cells of human blood was cal- 
culated after in uitro equilibration of drug with heparinized blood and 
analysis of the drug in plasma. The concentration of aminoglutethimide 
in cells was 1.4-1.7 times the concentration in plasma. The binding of 
aminoglutethimide in uitro to plasma proteins of three subjects was 
measured by equilibrium dialysis a t  37O. Initial drug concentrations of 
5 and 10 pg/ml showed binding of 21.3-25.0%. No concentration-de- 
pendent trend was apparent. 


Saliva Concentrations-Saliva samples were obtained to determine 
whether saliva assay is an acceptable alternative to plasma assay. Saliva 
production was stimulated by chewing a small piece of paraffin. Paraffin 
was reported to absorb significant amounts of propranolol and indo- 
methacin (71, and a preliminary test for glutethimide absorption was 
carried out as described previously (7). Little or no absorption was found. 
However, the concentrations of aminoglutethimide found in saliva of the 
bioavailability subjects were too low for the analytical method. Mea- 
surable concentrations were found in only a few samples, and no corre- 
lation with plasma concentrations was apparent. 


Table V-Plasma Clearance and Volumes of Distribution for  
Aminoelutethimide 


Dosage C P  9 Vc f VB9 V,, 9 


Form Subject ml/min liters liters liters 
~~ ~~ ~~ 


Tablet 3 
4 
5 
6 
7 
8 


94 
89 
86 
82 
88 
78 
86.2 
5.6 


119 
94 
82 
86 


114 
79 
95.7 
17.0 


51.8 
74.8 


82.4 
92.7 


80.2 
93.8 
93.2 


107.6 
100.5 
100.6 
95.98 
9.36 


. 


76.2 
66.3 
62.7 
79.2 


97.2 
107.7 
99.2 
80.6 


Mean 
SD 


68.50 
10.30 


93.30 
10.37 


Solution 3 
4 
5 
6 
7 
8 


28.6 
93.3 


92.7 
98.0 
99.0 


94.8 
96.3 


105.2 
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Abstract A specific and sensitive high-performance liquid chroma- 
tographic (HPLC) method for the quantitative determination of plasma 
chlorpromazine concentrations is described. The procedure is capable 
of determining 1 ng of chlorpromazine/ml and is adequate for following 
plasma concentration-time profiles after 7-mg single intravenous doses. 
After a simple organic extraction of the drug and an internal standard 
(mesoridazine) from plasma, the organic layer was transferred to a vial 
and evaporated to dryness a t  55’ under nitrogen. The residue was dis- 
solved in 200 pl of HPLC grade acetonitrile. Aliquots (70-100 pl) were 
chromatographed, and the drug was quantitated in the range of 1-15 
ng/ml of plasma using a fixed-wavelength UV detector. Plasma concen- 
trations determined by the method were compared with those obtained 
by a previously reported radioimmunoassay specific for chlorpromazine 
and N-desmethylchlorpromazine. The two methods agreed favorably 
with a correlation coefficient of 0.993 and a slope of 0.994. 


Keyphrases Chlorpromazine-high-performance liquid chromato- 
graphic analysis in plasma and comparison with a radioimmunoassay 0 
Psychotropic agents-chlorpromazine, high-performance liquid chro- 
matographic analysis Antipsychotic phenothiazines-chlorpromazine, 
high-performance liquid chromatographic analysis and radioimmuno- 
assay comparison 


Chlorpromazine is widely used in the treatment of cer- 
tain psychiatric disorders (1). It undergoes extensive me- 
tabolism, and several of its metabolites (2) are considered 
to be psychoactive. Some of the metabolites can be quan- 
titated in plasma; in some studies, the ratio of plasma 
concentrations of active to inactive metabolites was cor- 
related with clinical improvement in schizophrenic pa- 
tients (3-5). 


The various chemical methods of quantitation that have 
been used include GLC with electron-capture detection 
(6), GLC with mass spectrometric detection (7,8), fluo- 
rescent labeling with dansyl chloride (9), labeled derivative 
formation (lo), and TLC of a quaternary ammonium de- 
rivative formed by reaction with 9-bromornethylacridine, 
followed by UV photolysis and spectrofluorometric de- 
termination (11). These methods may have adequate 
sensitivity to determine plasma concentrations following 
therapeutic dosage regimens, but they are generally 
cumbersome and not easily amenable to routine clinical 
monitoring. 


The radioimmunoassay procedures are generally simple, 
sensitive, and readily applicable to routine analysis. Al- 
though sensitive, radioimmunoassays generally are suspect 


from the aspect of specificity. In the case of chlorpromazine 
radioimmunoassay (12-14), this specificity concern is 
augmented by the extremely large number of identified 
metabolites. To verify the specificity of the radioimmu- 
noassay procedure reported previously (14), which was 
based on proper designing of the antibody (151, high-per- 
formance liquid chromatographic (HPLC) assay, specific 
and sensitive to 1 ng/ml of plasma, was developed. This 
HPLC assay is described and compared with the radio- 
immunoassay reported earlier (14). 


EXPERIMENTAL 


Materials-Chlorpromazine hydrochloride’, prochlorperazine’, 
mesoridazine besylate*, 2-chlor~phenothiazine~, chlorpromazine sulf- 
oxide4, 7-hydroxychlorpromazine sulfoxide4, N-monodesmethylchlor- 
promazine4, N-monodesmethylchlorpromazine sulfoxide4, N-di- 
desmethyl~hlorpromazine~, N-didesmethylchlorpromazine sulfoxide4, 
and chlorpromazine N-oxide4 were used. All solvents were HPLC grade5, 
and all other chemicals were commercial analytical reagent grade. 


Apparatus-A liquid chromatographic pump6 and a valve-loop in- 
jector7 fitted with a lo00-pl loop were connected to a fixed-wavelength 
detecto@ operated at  254 nm. The detector was attenuated to 0.005 aufs 
for chlorpromazine and to 0.5 aufs for the internal standard. 


Column-A 250 X 3.2-mm i.d. column, packed with 5-pm cyano- 
bonded column packine, was used at ambient temperature with a mobile 
phase flow rate of 1.6 ml/min. 


Mobile Phase-The mobile phase consisted of 10% aqueous 0.015 M 
sodium acetate-acetic acid buffer (pH 6.5) and 90% acetonitrile. It was 
degassed by refluxing for 5 min and transferred to the solvent reser- 
voir. 


Internal Standard-A stock solution of mesoridazine besylate (lo00 
pg/ml, calculated as free base) was prepared in double-distilled water, 
stored in the absence of UV light a t  do, and used throughout the experi- 
ments. Dilutions of 50 pg/ml were prepared weekly and used for anal- 
ysis. 


Preparation of Standard Curves-An aqueous solution of chlor- 
promazine hydrochloride (100 pg/ml, calculated as free base) was pre- 
pared weekly in double-distilled deionized water and stored in the ab- 


1 Poulenc Ltd., Montreal, Quebec, Canada. 
2 Sandoz Pharmaceuticals, Dorval, Quebec, Canada. 


Aldrich Chemical Co., Montreal, Quebec, Canada. 
Donated by Dr. A. A. Manian, National Institute of Mental Health, Rockville, 


Fisher Scientific Co., Montreal, Quebec, Canada. 


Model 7120, Rheodyne, Technical Marketing Associates, Ottawa, Ontario, 


Md. 


6 Model llOA, Altex, Beckman Instruments, Toronto, Ontario, Canada. 


8 Model 440, Waters Associates, Mississauga, Ontario, Canada. 
9 Spherisorb CN, Altex, Beckman Instruments, Toronto, Ontario, Canada. 


Canada. 
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N-Hydroxymethyl Derivatives of Nitrogen Heterocycles as 
Possible Prodrugs 11: Possible Prodrugs of Allopurinol, 
Glutethimide, and Phenobarbital 
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Abstract 0 Solid samples of 1-hydroxymethyl- and 1.5-dihydroxy- 
methylallopurinol, 1-hydroxymethylglutethimide, and l-hydroxy- 
methylphenobarbital were prepared, and equilibrium constants for their 
formation from formaldehyde and allopurinol, glutethimide, or pheno- 
barbital were calculated. The N-hydroxymethyl derivatives had higher 
water solubilities and faster dissolution rates than the parent drugs, and 
they appear to be potentially useful as prodrugs. 


Keyphrases Allopurinol-N-hydroxymethyl derivative synthesized, 
structure confirmed by NMR and elemental analyses, potential prodrug 


Glutethimide-N-hydroxymethyl derivative synthesized, structure 
confirmed by NMR and elemental analyses, potential prodrug 0 Phe- 
nobarbital-N-hydroxymethyl derivative synthesized, structure con- 
firmed by NMR and elemental analyses, potential prodrug Prodrugs, 
potential-N-hydroxymethyl derivatives of allopurinol, glutethimide, 
and phenobarbital synthesized, structures confirmed by NMR and ele- 
mental analyses 


The potential usefulness of N-hydroxymethyl deriva- 
tives of heterocyclic amides and imides as prodrugs was 
discussed in a previous paper (1). This work was consistent 
with studies on the N-hydroxymethyl derivatives of hy- 
dantoins (2) and other amides and imides (3). 


The present paper is concerned with the synthesis and 
properties of N-hydroxymethyl derivatives of allopurinol 
(I), glutethimide (11), and phenobarbital (111). These drugs 
have low water solubility and dissolve slowly. Hence, it is 
likely that their bioavailability and delivery (4) would be 
improved if appropriate prodrug forms could be devel- 
oped. 


RESULTS AND DISCUSSION 


The interaction of formaldehyde with allopurinol (I), glutethimide (II), 
and phenobarbital (111) at 25' was studied by analyzing phase solubility 
diagrams (Figs. 1-3). These diagrams were constructed by plotting the 
total substrate concentration in solution [SIT versus the added formal- 
dehyde concentration [H~COIT. At least one solid phase was present in 
all solutions. 


N-Hydroxymethylation of I-Analysis, using arguments set out by 
Higuchi and Connors (5) of the double Bs-type phase solubility diagram 
for I (Fig. l ) ,  led to the conclusion that the reactions shown in Scheme 
I took place. The A-E portion of the diagram is consistent with the for- 
mation of 1-hydroxymethylallopurinol (l-hydroxymethyl-4,5-dihydro- 
pyrazolo[3,4-d]pyrimidin-4-one, Ia), and the E-I portion is consistent 
with the formation of 1,5-dihydroxymethylallopurinol~1,5-bis(hydrox- 
ymethyl)-4,5-dihydropyrazolo[3,4-d]pyrimidin-4-one, Ib). The B-C 
portion is believed to be caused by saturation of the solution with respect 
to Ia. 


Confirmation of these postulates comes from elemental analysis and 
NMR spectra (in dimethyl sulfoxide-ds) of the solid phase at point E and 
in the portion H-I (Table I), from calculation of the stoichiometry of the 
reactions using portions B-D and F-G, and from equilibrium constants 
calculated from the slopes of the lines AB ( K I , )  and EF (KIb). 


The NMR peak at  5.63 ppm in the spectrum of the solid isolated a t  
point E and those at 5.40 and 5.63 ppm in the spectrum of the solid iso- 
lated in the portion H-I had similar chemical shifts to the N-CHz-0 
protons in the N-hydroxymethyluracils (1). The stoichiometry of the solid 
isolated at point E calculated from the phase solubility diagram was 1 


l .Ot/  0.6 
A 


0.2 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 l F . 8  


I H,COl T, M 


Figure 1-Plot of I solubility as a function of formaldehyde concen- 
tration in aqueous buffer a t  p H  4.9, p = 0.1 M, and 25'. 


part of I to 1.03 parts of formaldehyde, and that of the compound isolated 
in the region H-I was 1 part of I to 2.06 parts of formaldehyde. The ele- 
mental analyses of the compounds were as expected for Ia and Ib. 


The equilibrium constants calculated from the phase solubility diagram 
were 120 M-1 for formation of Ia (KI , )  and 4 M-1 for the formation of 
Ib (KIb). This value of K1, is similar to values reported (6) for the addition 
of secondary amines to formaldehyde (40-800 M - l ) .  The value of K I b  
is similar to that calculated for the addition of amino and imino groups 
in uracils to formaldehyde (1). 


N-Hydroxymethylation of 11-The Bs-type phase solubility diagram 
in Fig. 2 was analyzed similarly to the one for N-hydroxymethylation of 
I. Elemental analysis and NMR spectral data (Table I) of the solid phase 
obtained at  point D (from deuterium oxide solutions) indicated that it 
was 1-hydroxymethylglutethimide (l-hydroxymethyl-3-phenyl-2,6- 
piperidinedione, Ha). Confirmation of the reactions shown in Scheme 
I1 was obtained from the facts that the phase solubility diagram indicated 
that the stoichiometry of the complex was 1 equivalent of I1 to 1.02 
equivalents of formaldehyde and that the equilibrium constant for its 
formation, K I I ~ ,  was 3.4 M-1. 


CH20H 


0 
I 


CH2OH 
I 


0 
Ib 


Scheme I 
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Table I-NMR and Elemental Analysis Data  fo r  N- 
Hydroxymethyl Compounds 


2.4 


L 2.0 - 
m -  c 


1.6- 


1.2- 
2 -  
G 1 .  


Analysis, % 
Compound Chemical Shifts", ppm Calc. Found 


- 
- 


5.63 bs 


5.63 bs, 5.40 bs 


5.40 d 


5.30 bs 


c 43.34 
H 3.61 
N 33.71 
C 42.83 
H 4.08 
N 28.55 
C 67.94 
H 6.87 
N 5.66 
c 59.49 
H 5.34 
N 10.68 


43.02 
3.70 


33.32 
42.70 


4.01 
28.09 
67.57 


6.62 
5.41 


59.46 
5.34 


10.94 


Chemical shifts of protons not present in the parent compound. The area under 
the peak integrated for two protons, and bs and d represent broad singlet and 
doublet, respectively. * Spectra measured in dimethyl sulfoxide-d,j. Spectrum 
measured in deuterochloroform. 


Table 11-Amounts of Substrate and  Ligand Used in  Phase 
Solubility Studies 


Total Equilibrium 
Substrate Ligand Volume, ml Time, days 


I, 0.1 g Formaldehyde, 0-2 M 5 15 
II,0.4 g Formaldehyde, 0-2 M 5 10 


III,0.4 g Formaldehyde, 0-2 M 20 10 


Table 111-Melting Points, Solubilities, and  Initial Dissolution 
Ratese of Drugs and Their  Prodrugs 


Initial 
Melting Solubility*,, Dissolution Rate, 


Compound Point M Mlmin X lo5 


I 360" 0.004 
Ib 3500 0.019 ~ ... 


11 -85. 0.005 
IIa 82" 0.022 


111 178" 0.004 
IIIa 99" 0.025 


0.2 
1.2 
1.3 
2.2 
0.9 
2.8 


H CH,OH 
I I 


I1 IIa 
Scheme I I  


isolated from the system. The solid phase a t  point D had an elemental 
analysis and NMR spectrum consistent with it being l-hydroxymethyl- 
phenobarbital (IIIa). Analysis of the portion B-C of the phase solubility 
diagram indicated that the compound had the required stoichiometric 
composition. Isolation of 1,3-dihydroxymethylphenobarbital was com- 
plicated by the fact that a viscous oil phase again separated out a t  
formaldehyde concentrations of >1.6 M. 


The shape and slope of the portion A-B of the phase solubility diagram 
would be a function of the equilibrium constants K I I I ~  and KIIIb. At low 
formaldehyde concentrations, the curve would have a limiting slope that 
would be related directly (5) to KIII.. The K I I I ~  value was estimated to 
be 9 M-I. Hence, equilibrium data are consistent with the proposed re- 
action scheme. 


Aqueous Solubility and  Dissolution Rates-Aqueous solubilities 
and relative dissolution rates in water of I, Ib, 11, IIa, 111, and IIIa are 
listed in Table 111. The solubilities were obtained from the phase solu- 
bility diagrams (5), and dissolution rates were calculated as described 
under Experimental, 


As expected ( l ) ,  the change in intermolecular hydrogen-bonding 
possibilities in the solid state produced by N-hydroxymethylation of 
amines or imides increased the water solubilities of 1-111. The increase 
in water solubility was reflected by an increase in the dissolution rate as 
required by the Noyes-Whitney model for dissolution (8,9). 


The N-hydroxymethyl derivatives were converted rapidly to the parent 


H CHLOH 
I I 


Dissolution rates were obtained in pH 7 buffer a t  25" and f i  = 0.1 M .  * Solu- 


Formaldehyde concentrations of >2 M caused the total amount of I1 
in solution to increase, resulting in the separation of an oil (Table 11). The 
reactions occurring in this region of the phase solubility diagram were 
not investigated further, but they probably are caused by addition of the 
>N-CHzOH group to additional formaldehyde molecules to form poly- 
mers such as >N-[CH20],-. There is evidence (7) that formaldehyde 
polymerizes in concentrated aqueous solutions. 


N-Hydroxymethylation of 111-The complex Bs-type phase solu- 
bility diagram for this system is shown in Fig. 3. 


Based on the N-hydroxymethylation of uracil (1) and 11, the reactions 
shown in Scheme 111 were expected. However, only one compound was 


bilities were obtained from phase solubility diagrams (Figs. 1-3). 


0 


111 


4t  


IIIa 


H,CO 
+ 


KIIIb 11 
CH,OH 


I 


IIIb 
Scheme I I I  


3.5 - 
s 
K 3 -  


E 2.5 - 
E 
5 2 -  


- 
m 


._ 


c 
3 - 
01 1.5- 
I 


N z 1 -  


01 1 1 I I I 1 I 3 1 8 1 I I I 4 I a m  1 1 I 


0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.B 2.5 3 5 


[ H,COI T, M 
Figure 2-Plot of I1 solubility as a function of formaldehyde concen- 
tration in aqueous buffer at p H  5.1, fi = 0.1 M, and 2 5 O .  


4 B 
2 0.4 L, o'8L 0 0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 


[ H,COl T, M 


Figure %-plot o f  I I I  solubility as a function o f  formaldehyde concen- 
tration in aqueous buffer at p H  4.9, p = 0.1 M, and 25". 
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drug. This result was indicated by the fact that the solid phase in a sus- 
pension of the N-hydroxymethyl derivatives (500 mg in 25 ml of pH 7 
buffer) that had been shaken for 10 min had the same melting point and 
NMR spectrum in dimethy! sulfoxide as the parent drug. UV spectra of 
dilute solutions of the N-hydroxymethyl derivatives in pH 7 buffer were 
superimposable on those of the parent drug after the solutions had been 
shaken for 10 min. 


All of these observations support the contention that N-hydroxymethyl 
derivatives of poorly soluble amides, imides, and amines are potentially 
useful prodrugs. 


EXPERIMENTAL 


Chemicals and Equipment-Allopurinol’ (I), phenobarbital’ (III), 
and glutethimide2 (11) were used without further purification, as was 
formaldehyde3 (37% aqueous solution). 


Solutions containing formaldehyde were prepared fresh by appropriate 
dilution of the 37% formaldehyde solution. The succinic acid-sodium 
borate buffers (pH 3.69-6.9, p = 0.1 M) and monobasic potassium 
phosphate-sodium borate buffers (pH 6.3-9.25, p = 0.1 M )  were prepared 
by the method described by Pitman (10). Sodium chloride was used to  
adjust the ionic strength ( p  = 0.1 M). 
3-(Trimethylsilyl)propanesulfonic acid was used as an internal refer- 


ence in the NMR measurements. 
Phase Solubility-A fixed quantity of substrate, in excess of its 


aqueous solubility, was weighed in a series of 25-ml polyseal-lined 
screw-capped vials to which were added fixed volumes of formaldehyde 
solutions of increasing concentration in the buffer (Table 11). Vials were 
sealed, placed in a constant-temperature water bath at  25.0 f 0.2’, and 
agitated with a rotating-action shaker until equilibrium was achieved. 
Aliquots of the supernatant liquid were removed using a pipet (whose 
tip had been wrapped with glass wool) or solutions were filtered using 
a sintered-glass funnel of medium porosity and analyzed spectrophoto- 
metrically. 


Isolation of N-Hydroxymethyl Derivatives--I,5-Dihydroxy- 
methylallopurinol (Ib)-One gram of allopurinol was dissolved in 50 ml 
of 2 M formaldehyde at  pH 7. Agitation of this solution for 24 hr resulted 
in a white crystalline precipitate. The elemental analysis (Table I) and 
NMR spectrum of the solid (dried over calcium chloride) were consistent 
with the conclusion that the compound was Ib. 


l-Hydroxymethylallopurinol (Ia)-Compound Ia was isolated in a 
similar manner to Ib, except 0.2 M formaldehyde was used in this case. 
The elemental analysis (Table I) and NMR spectrum of the dry solid were 
consistent with it being Ia. 


I-Hydroxymethylglutethimide (Ha)-Compound IIa was prepared 
by agitating 1 g of glutethimide in 100 ml of 1.5 M formaldehyde in a pH 
7 buffer for 24 hr. The NMR spectrum and elemental analysis of the re- 
sultant solid (dried over calcium chloride) were consistent with i t  being 


Sigma Chemical Co. 
Ciba-Geigy Co. 
J. T. Baker Chemical Co. 


IIa (Table I). However, a t  high concentrations of formaldehyde (10 M), 
a viscous oil was isolated. This oil was believed to be IIa and the corre- 
sponding diformyl compound, which would be formed by a dimer of 
formaldehyde. 


1-Hydroxymethylphenobarbital (IIIa)-Compound IIIa was prepared 
by agitating 1 g of phenobarbital in 20 ml of 1 M formaldehyde in a pH 
5 buffer for 24 hr. The resultant white crystalline precipitate melted a t  
99’ when drying over calcium chloride. The elemental analysis (Table 
I) and NMR spectrum of the solid were consistent with it being IIIa 
(Table I). However, at  high concentrations of formaldehyde (10 M), a 
viscous oil was isolated. 


Dissolution Rate-All dissolution studies were performed according 
to the USP dissolution test (11). 


The solid whose dissolution rate was to be measured was reduced to 
a uniform particle size by sifting it through a 40-mesh sieve and collecting 
it in a 60-mesh sieve. Approximately 250 mg of this material then was 
compressed into a tablet in an evacuable potassium bromide die at 10,OOO 
psi for 30 sec using a laboratory press. The dissolution medium (500 ml, 
pH 7 buffer solution) was placed in a 1-liter beaker immersed in a con- 
stant-temperature bath a t  25’. One tablet was placed in a basket, and 
the basket was rotated at  100 rpm. The samples (5 ml) were withdrawn 
at  appropriate times and analyzed spectrophotometrically. 
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Solubility Behavior of Barbituric Acids in Aqueous 
Solution of Sodium Alkyl Sulfonate as a Function of 
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Abstract The solubility of 13 barbituric acids was determined in 
aqueous solutions of sodium alkyl sulfonate. The effects of concentration 
and temperature were investigated, and the thermodynamic functions 
of the solubilization process were calculated. An analysis of the location 
of a solubilized species within a micelle is suggested in terms of the sign 
and amplitude of the standard entropy of solubilization, which is strongly 
positive for micelle penetration and negative for adsorption. A solubili- 
zation mechanism through adsorption onto the micellar surface is sug- 
gested for most of the barbituric acids studied. The enthalpy/entropy 
compensation phenomenon was identical for barbituric acids in ionic and 
nonionic (polyoxyethylene lauryl ether) surfactant solutions with a 
compensation temperature of 270 OK, indicating common behavior of 
these compounds with respect to micellar solubilization. The concept of 
molecular surface area was used to correlate the free energy of solubili- 
zation of the solutes to their size and structure. A linear relationship was 
found with an excellent correlation factor for the alkane derivatives of 
the 5-ethyl-barbituric acids. The specific behavior of some of the bar- 
bituric acids investigated is discussed. 


Keyphrases Solubility-barbituric acids in aqueous sodium alkyl 
sulfonate, thermodynamics Thermodynamics-solubility of barbituric 
acids in aqueous sodium alkyl sulfonate 0 Barbituric acids-solubility 
in aqueous sodium alkyl sulfonate, thermodynamics 


The increase in solubility of poorly soluble preservatives 
in water by the addition of surfactants has been the subject 
of a large number of studies (1, 2). This phenomenon is 
related to the formation of micelles in water, but the 
availability of the preservative as an active agent is highly 
dependent on the molecular attachment site, and this 
subject is still a controversial matter. Opposite views have 
been proposed for barbituric acids, such as adsorption at  
the micelle interface (3) or incorporation into the micelle 
hydrocarbon core (4). However, for simpler molecules like 


acetone or urea, which may be considered model com- 
pounds for barbituric acids, thermodynamic evidence 
shows that these molecules hardly penetrate the micelle 
interior, a t  least a t  the critical micelle concentration 
(CMC) and for ionic micelles (5 ,6) .  


BACKGROUND 


Studies on the solubilization of barbituric acids have been mostly (7) 
restricted to the influence of nonionic surfactants (3,4, €&lo). Few of these 
studies were concerned with the determination of thermodynamic 
functions such as free energy, enthalpy, and entropy (3). In fact, few 
papers have been published on this subject for compounds other than 
barbituric acids (3, 11,12). 


The present work investigated the solubilization properties of sodium 
alkyl sulfonate. Its biodegradability and nontoxic properties, even at  high 
surfactant concentration, make it an interesting surfactant in formulation 
problems (13). The barbituric acids are useful compounds in this respect 
since the possibility of changing, almost at  will, the radicals attached to 
the malonylurea ring permits the study of the influence of shape and 
structure on the solubilization process. Thus, previous studies (14) on 
the molecular surface area concept and the investigation of the effects 
of temperature on barbituric solutions have indicated the use of the en- 
tropy function to deduce the chemical environment of compounds sol- 
ubilized by micelles. 


EXPERIMENTAL 


Materials-Sodium alkyl sulfonate’ was composed of 90.7% (by 
weight) monosulfonated detergent, 8.8% polysulfonated compound, and 
0.5% unsulfonated product. The monosulfonated compound was a mix- 
ture of C14H2gS03Na and C15H31S03Na, so a molecular weight of 323 was 
adopted in the concentration calculations. The CMC of the detergent 


Produits chimiques de la Montagne Noire, 81100, Castres, France. 
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Table I-Some Physical Properties of Barbituric Acids 


I 0.04 


- 
-J 
a 
t 
m 
a: 
a 
m 0. 
0 


.03 


.02 


0.01 4 


I 1 1 
0.1 0.2 0.3 


[SUR FACTANT], mole/l iter 
Figure 1-Variation of the solubility of phenobarbital with sodium 
alkyl sulfonate concentration at various temperatures. Key: Q, 55'; 0, 
45'; 0 ,35*;  and 0 , 2 5 " .  


used was 0.0039 mole/liter, as determined from conductivity measure- 
ments a t  25'. Highly pure sodium dodecyl sulfate2 was used without 
purification. Its CMC at 25' was 0.0081 molehiter, in excellent agreement 
with literature values (15). 


The barbituric acids were from different sources3. Their melting points 
and solubilities in water a t  25' are presented in Table I, although some 
solubility values in water may be slightly in error due to impurities. 
However, since the major interest was in partition coefficients, i.e., in ratio 
of concentrations with and without the added surfactant, the influence 
of the impurities on the partition coefficient values should be negli- 
gible. 


Solubility Measurements-The barbiturate solution with the added 
surfactant was equilibrated for 240 hr (10 days) a t  a given temperature, 
and controlled to within f0.1'. The suspension was filtered and diluted, 
and the concentration of solubilized solute was determined with a UV 
spectrophotometer4. 


Solubility Calculations-The pH of the solutions was determined 
and used with the pKa of each barbituric acid to correct for the variation 
of solubility due to the pH change of the solution, which occurs with the 
addition of alkyl sulfonate (16). The classic formula was used: 


s = s o  (1 + 1OpH-pKa) (Eq. 1) 


where S and So are the total amount of barbituric acid and the intrinsic 
solubility of the undissociated acid, respectively. 


RESULTS AND DISCUSSION 


An example of the variation of barbituric acid solubilization with the 
surfactant concentration is presented at  several temperatures in Fig. 1. 
This behavior was typical of all barbituric acids studied with alkyl sul- 
fonate but had not been observed with nonionic surfactants. I t  has been 
interpreted as the result of the presence of mixed micelles of monosul- 


~ ~~ 


* Merck "pro analysis." 
Barbital, Expandia, Paris; vinharbital, Schrnoller et Bornpard, Grasse; buta- 


barbital, Expandia; hutoharbital, Rhone Poulenc Chimie, Courhevoie; pentohar- 
bital, Expandia; amobarhital, Expandia; alloharbital, Soprotec, Paris; aproharhital 
Expandia; itoharhital, Rhone Poulenc Chimie; secobarbital, Expandia; pheno- 
barbital, Cooperation pharmareutiqne franpise, Paris; heptabarbital, Laboratoire 
Geigy, Rueil-Malmaison; and reposal, Laboratoire Martinet, Vernouillet, Dreux. * Beckman model 25. 


~~ 


Molecular 
Melting S w  , Surface 


Acid Point mole/liter Aread, 


Barbitalb 186' 0.00401 102.6 
Vinbarbitalb 165" 0.00487 142.0 
Butabarbital 168" 0.00407 140.3 
Butethalb 125" 0.0213 138.8 
Pentobarbital b 125' 0.00407 158.4 
Amobarbitalb 156-158" 0.00217 160.1 
Alloharbitalc 175' 0.00865 89.2 
Aprobarbitald 145" 0.0194 117.2 
Butalbitald 140" 0.00759 135.3 
Secobarbitald 95" 0.00441 151.7 
Phenobarbitalb 175" 0.00517 152.4 
Heptabarbitalb 175" 0.00100 156.7 
Reposal 213" 0.00168 150.0 


* Molecular surface areas of side chains on the malonylurea ring. * A 5-ethyl- 
barbituric acid. A 5-diallylbarhituric acid. A 5-allylbarhituric acid. 


fonated and polysulfonated sodium alkyl sulfonate above the concen- 
tration C2 (17). Below this value, the only micelles present are formed 
from monosulfonated molecules. The present report concerns only the 
first part of these curves, i .e.,  the initial slope above the CMC. In Fig. 1, 
the maximum concentration of solubilized material is plotted for con- 
venience as a function of the concentration of surfactant used minus the 
CMC. 


In all cases, solubilization increased with increased surfactant con- 
centration in water and with temperature. T o  quantify, the relative 
variation of the solubilized solute in water and in the micellar solutions, 
an apparent distribution coefficient such as: 


(Eq. 2) K - S m  - S w  


is defined where S ,  and S ,  are the saturation molarities of solubilized 
barbituric acid in the micellar solution and in water, respectively, and 
C is the excess of surfactant above the CMC in moles per liter. The 
maximum surfactant concentration used in the determination of K was 
-0.04 mole/liter (1.3 g/100 ml of solution). 


In each case, K was calculated using a t  least eight experimental points 
with a least-squares method. As shown in Table 11, K decreased as tem- 
perature increased, which means that the increase in solubility was faster 
in water than in the micellar solution. This finding agrees with previous 
findings (3) for barbituric acids in nonionic polyoxyethylene lauryl ether 
aqueous solutions but contradicts the results of Ismail et al. (10) for the 
same solutes with the nonionic polyoxyethylene derivative surfactants 
used (monoalkyl ether, monostearate, and polysorbate). 


Thermodynamic Functions and  Location of Solubilized Material 
in  Micelles-To discuss the thermodynamic properties of the solutions, 
the free energy of solubilization may be calculated as: 


AG: = -RT In K (Eq. 3) 


where K is an apparent distribution coefficient, uncorrected for volume 
effects (5). 


s, c 


The standard enthalpy of solubilization is defined by: 


(Eq. 4) 


and: 


AG: = AH: - TAS: (Eq. 5) 


where AS: is the standard entropy of solubilization. The results of these 
calculations are given in Table 11. The precision of AH: is not very good 
when obtained from indirect determinations (4). Thus, AH; values should 
be considered reliable within f300 cal/mole, while AS: values are accu- 
rate to *l.O entropy units. 


The same thermodynamic functions are examined in more extreme 
cases in Table 111, using the standard thermodynamic functions of hy- 
drocarbon transfer (18) from water to an aqueous anionic surfactant 
solution (such as sodium lauryl sulfate of molarity c = 0.06 mole/ 
liter). 


Thus: 
S AGi = -RT - 
S" (Eq. 6) 


As expected, AG; is more negative the larger the solute molecule since 
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Table 11-Partition Coefficients and Thermodynamic 
Parameters a for Barbituric Acids as a Function of Temperature 
(Molar Scale) 


Table IV-Partition Coefficients and Thermodynamic 
Parameters for Butethal in Aqueous Sodium Lauryl Sulfate 
Solutions (Molar Scale) 


AS:, 


Acid t moles-' cal/mole cal/mole deg 
K ,  AG;, AH:, cal/mole/ 


Barbital 


Vinbarbital 


Butabarbital 


Butethal 


Pentobarbital 


Amobarbital 


Allobarbital 


Aprobarbital 


Butalbital 


Secobarbital 


Phenobarbital 


Heptabarbital 


Reposal 


25' 
35O 
45O 
55O 
35O 
45O 
55O 
25' 
35O 
45O 
55O 
35O 
45O 
55O 
25' 
35O 
55O 
25' 
35O 
45O 
25' 
35" 
45O 
55O 
25' 
35O 
45O 
55O 
25' 
35" 
45O 
55O 
25' 
35O 
45O 
55O 
25' 
35O 
45O 
25' 
35O 
45O 
55O 
25' 
35O 
450 


3.8 
3.5 
3.2 
2.5 


16.0 
16.0 
14.8 
22.4 
17.8 
15.3 
13.8 
19.4 
17.5 
15.7 
39.3 
39.4 
33.4 
51.6 
48.0 
43.0 
9.2 
8.5 
7.3 
5.9 


14.4 
10.1 
9.8 
9.3 


21.4 
19.4 
16.3 
14.6 
80.6 
60.7 
50.3 
40.6 
22.7 
18.6 
12.7 
33.5 
27.7 
26.5 
24.2 


117.6 
103.9 
97.2 _- 


55' 92.2 


-790 
-770 
-720 
-600 


-1700 
-1750 
-1760 
-1840 
-1760 
-1720 
-1710 
-1820 
-1810 
-1790 
-2170 
-2230 
-2290 
-2340 
-2370 
-2380 
-1310 
-1310 
- 1250 
-1150 
-1580 
-1420 
-1440 
-1450 
-1810 
-1820 
-1760 
-1750 
-2600 
-2510 
-2480 
-2420 
-1850 
- 1790 
-1660 
-2080 
-2030 
-2070 
-2060 
-2820 
-2840 
-2890 
-2950 


-2600 


-700 


-3100 


-2100 


-1100 


-1700 


-2200 


-2700 


- 2600 


-4100 


-3800 


- 2000 


-1600 


-6.0 
-5.9 
-5.9 
-6.0 
+3.2 
+3.2 
+3.1 
-4.3 
-4.4 
-4.4 
-4.3 
-0.9 
-0.8 
-0.6 
+3.7 
+3.5 
+3.6 
+2.1 
+2.0 
+2.0 
-2.9 
-2.8 
-2.9 
-3.1 
-3.6 
-4.0 
-3.8 
-3.7 
-2.6 
-2.5 
-2.6 
-2.5 
-5.9 
-6.0 
-5.9 
-5.9 
-6.5 
-6.5 
-6.6 
+0.3 
+0.1 
+0.2 
+0.3 
+4.2 
+4.2 
f4.2 
+4.2 


a Throughout this paper, 1 cal = 4.184 J. 


dispersion forces and the hydrophobic effect both increase in magnitude 
when the surface of contact between the solute and the solvent molecules 
(here the micelles) increases. 


The standard enthalpy of transfer, AH:, is close to zero and is also size 
dependent, but the entropy of transfer is strongly positive. Since hy- 


Table 111-Thermodynamic Standard Transfer Functions for 
Various Solutes from Water to Organic solvents a t  25" (Mole 
Fraction Scale) 


AG;, AH;, AS;, 


Solute Solvent mole mole deg 
Organic call cal/ cal/mole/ 


Pentane" Micellar solutionb -5720 -1100 +15.6 
Butane" Micellar solutionb -5130 0 +17.2 
Propane" Micellar solutionb -4230 +lo00 +17.5 
Ethane" Micellar solutionb -3450 +2000 +18.3 
Methanec Ethanol -2650 +1960 +15.4 
Methane' Cyclohexane -2280 t2380 +15.6 
Ammonium Ethanol +5010 -2830 -26.3 


Hydrochloric Ethanol +4320 -5400 -32.6 
chlorided 


acid 
Reference 18. Aqueous sodium lauryl sulfate solution; c = 0.06 mole/liter. 


Reference 20. Reference 19. 


K ,  AG:, AH;, AS:, 


25' 29.0 -1990 -3040 -3.5 
35" 24.0 -1950 -3.5 
45O 21.0 -1930 -3.5 
5 5 O  18.0 -1880 -3.5 


t mole-' cal/mole calimole cal/mole/deg 


drocarbons dissolve in the micelle interior, the positive entropy change 
upon solubilization seems a good thermodynamic characteristic of the 
penetration of a solute from an aqueous to a nonaqueous environment. 
The cases of ammonium chloride and hydrochloric acid were chosen to 
illustrate the behavior of a polar or an ionic hydrophilic solute (19). 
[Methane is presented to illustrate the thermodynamics of transfer of 
a hydrocarbon from water to an organic component (20). It shows that 
all thermodynamic functions are of the same order of magnitude whether 
the transfer is from water to a micellar phase or to an organic solvent in 
the case of penetration. The same reasoning may be applied to a polar 
solute.] Table I11 shows that, for a hydrophilic solute transferred from 
an aqueous to an organic environment, AG; is positive and AS; is nega- 
tive. Since ammonium chloride or hydrochloric acid prefers water to the 
organic phase (19), a negative entropy change is associated with non- 
penetration of the solute into the organic phase (which can be a micelle). 
Thus, AG: < 0 and AS; > 0 are associated with the penetration into a 
micelle interior, and AG: > 0 and AS: < 0 are associated with an inter- 
action of the solute with the micelle without penetration, i .e.,  through 
an adsorption phenomenon. 


Examination of the barbituric acids shows that AH: is negative in all 
cases and AS: is negative or zero for nine out of 13 barbiturates. Thus, 
it may be concluded that solubilization occurs in an environment of mixed 
water and nonpolar molecules, depending on the particular solute, but 
with a preference for a predominantly aqueous phase. 


To compare solutes dissolved in sodium lauryl sulfate and alkyl sul- 
fonate solutions, the solubilization of butethal was studied at  four tem- 
peratures in very pure samples of sodium lauryl sulfate. The results were 
analyzed as for the alkyl sulfonate solutions (Table IV). They are similar 
in both surfactant solutions. The AG: values are equal within experi- 
mental error, and only the dependence of K with temperature is slightly 
different with alkyl sulfonate and sodium lauryl sulfate. The AH: and 
AS: values are both somewhat more negative in the alkyl sulfonate so- 
lutions, a good example of enthalpy/entropy compensation. In addition, 
the thermodynamic functions are very much the same in the nonionic 
polyoxyethylene lauryl ether solutions (deduced from dialysis mea- 
surements at several temperatures) and in the anionic alkyl sulfonate 
solutions. For example, AG: is systematically more negative by only -20% 
in the nonionic solution5. This finding should be the result of a number 
of compensation effects. If, as was previously suggested (3) for polyoxy- 
ethylene lauryl ether and as presently proposed for alkyl sulfonate, sol- 
ubilization occurs through adsorption for barbituric acids in these sur- 
factant solutions, the situations at each micelle surface must be quite 
different. In particular, the role of the adsorbed sodium counterions in 
the latter case should be clarified. 


Enthalpy/Entropy Compensation Phenomenon-Ionic and non- 
ionic surfactants as solubilizing agents also can be compared by consid- 
ering the enthalpy/entropy compensation phenomenon. It occurs in most 
solutions but presents amazing regularities for aqueous solutions. Lumry 
and Rajendar (21) described the phenomenon by an equation of the type: 


AH: = a + T,AS; (Eq. 7) 


where Q and T, are constants. This equation holds for a given solute in 
various media or for a series of different solutes in a given medium. The 
compensation temperature (T,) is equal to an average value of 285 O K  


for most aqueous or predominantly aqueous systems, indicating a com- 
mon mechanism in a given solution process when essentially water mol- 
ecules are involved. [In organic solvents, Eq. 7 is known as the Barclay- 
Butler plot (22) with T, = 910 O K . ]  


Figure 2 presents the correlation found for the barbituric acids used 
in this work and those of Ikeda et al. (3) with polyoxyethylene lauryl 
ether. If the results for barbital and reposal in the ionic solutions and for 


The same situation was described with phenobarbital in ionic and nonionic 
surfactant solutions (7). Unfortunately, the authors did not publish the actual data 
but only corresponding curves. 
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Figure 2-Enthalpylentropy compensation plot for barbituric acids 
in sodium alkyl sulfonate (O), ionic, and polyoxyethylene lauryl ether 
(O), nonionic, aqueous solutions at  2 5 O .  


secobarbital in the nonionic solutions are discarded, a linear regression 
on the remaining 18 barbituric acid solutions may be represented at 25' 
by: 


AH: = -2020 + 269 AS: 0%. 8 )  


with a correlation coefficient of r2 = 0.98. The T, value of 269 OK is in 
agreement with the average 285 O K .  


The Humphreys and Rhodes distribution coefficients a t  several tem- 
peratures were also analyzed for benzoic acid in aqueous solutions of 
n-alkylpolyoxyethylene surfactants. Benzoic acid is considered as being 
mostly adsorbed on the micelle surface (23). The derived thermodynamic 
functions are presented at  25' in Table V. The AH; and AS: values are 
situated on the same line as for the other systems in Fig. 3. 


Although speculation on the meaning of the compensation temperature 
in terms of chemical compensation has been criticized (24), the fact that, 
for the same chemical process ( i .e . ,  solubilization by adsorptiono onto 
micellar surfaces), a single line is obtained on a AH; uersus AS8 plot 
should be considered. In the case of benzoic acid, AS: becomes less neg- 
ative as the number of oxyethylene group increases, which may be in- 
terpreted as an increase in penetration of the benzoic molecule within 
the micelle mantle. However, AS: remains negative for the four surfac- 
tants, indicating that adsorption still predominates for this system. 


Solubilization and Molecular Surface Area Concept-Many ap- 
proaches have been tested, from the crudest models that correlate dis- 
tribution coefficients with the number of carbon atoms on the barbituric 
acid molecule [with corrections for the position of radicals and the mal- 
onylurea rings (25)], to the more general approach of Hansch and An- 
derson (26), who correlated drug activity with the distribution coefficient 
in octanol-water mixtures, to others who use the regular solution theory 
to find an index of drug activity (27). An attractive alternative to these 
approaches may be found in the concept of molecular surface area, as 
proposed by Herman (14) and extensively used in the case of slightly 
soluble series of organic compounds in water (28-30). It is based on the 
idea that, provided no specific interactions take place between solute and 
solvent molecules and the solute is sufficiently diluted so that solute- 
solute interactions are negligible, the molecular surface of contact be- 
tween solute and solvent molecules is proportional to their free energy 
of interaction. Thus, the logarithm of solubility should be a linear function 
of the molecular surface area. Implicitly, it is assumed that the same 
correlation will not be found for any series of compounds. Thus, alkanes, 
alkynes, or aromatic derivatives may be found on different straight 
lines. 


Table V-Partition Coefficients and Thermodynamic 
Parameters for Benzoic Acid in Nonionic Surfactant Solutions 
a t  25" (Molar Scale) 


K ,  AGZ, A x , ,  AS;, 
Surfactanto. mole cal/mole cal/mole cal/mole/deg 


C16E16 50.07 -2320 -3700 -4.7 
CI ~ E n n  45.55 -2260 -3100 -2.9 
C;iEii 32.72 -2070 -3100 -3.7 
CisEgs 27.43 -1960 -2300 -1.2 


n-Alkylpolyethylene C,E,, where n = number of carbon atoms and rn = 
number of polyoxyethylene groups. 


I I I I I 
80 100 120 140 360 


MOLECULAR SURFACE AREA, A2 
Figure 3-Variation of the standard free energy of solubilization of 
barbituric acids with the molecular surface area of their substituted 
groups at 25'. Key: 0,5-ethyl (linear); @,5-ethyl (cyclic); 0,5-allyl; 
and 8,5-diallyl. 


Valvani et al. (29) proposed a simplified version of the elaborate 
method of evaluation of molecular surface area by Herman (14), and the 
present study used their results whenever possible (28). The heptabar- 
bital ring has been considered as being equivalent to that of cycloheptane 
(29) minus one methylene group (a quaternary carbon atom has no mo- 
lecular surface area) and minus the difference between one methylene 
and one CH group. It was assumed that the molecular surface areas of 
phenobarbital and cyclobarbital were equivalent to that of a benzene ring 
minus one methylene group. The molecular surface area of malonylurea 
was not accounted for since it was assumed to play the same role for each 
barbituric acid. The results of these calculations are presented in Table 
I. (Reposal was not calculated because of too many geometrical un- 
knowns. However, a value of -150 A2 is plausible.) 


Figures 3 and 4 correlate AG: (which is proportional to the logarithm 
of a ratio of solubilities) and molecular surface area at  25 and 55O. For 
the eight 5-ethylbarbituric acids, a linear correlation is found at 25' with 
a standard deviation of u = 117 and r2 = 0.980. (If phenobarbital is ig- 
nored, u = 101 and r2 = 0.990.) At  55O, the correlation is even better if 
phenobarbital is ignored, with u = 70 and r2 = 0.995. This result is as good 
as the correlation found, for example, between the logarithm of the par- 
tition coefficients of alkylbenzenes in octanol-water mixtures and their 
molecular surface area (28). The standard deviation is of the order of 
magnitude of the experimental error or better. The three 5-monoallyl- 
barbituric acids stand on a parallel to the preceding line, and the one 
5-diallylbarbituric acid is at a still more negative AG: value. This behavior 
was observed with other types of correlations, such as those involving the 
solubility and melting point of a given series of compounds (31). 


-'I \ 
I I 1 I I 


80 100 120 140 160 
MOLECULAR SURFACE AREA, 


Figure 4-Variation of the standard free energy of solubilization of 
barbituric acids with the molecular surface area of their substituted 
groups at  5 5 O .  See Fig. 3 for key. 
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-li \ New York, N.Y., 1955. 
(2) P. H. Elworthy, A. T. Florence, and C. B. McFarlane, “Solubili- 


zation by Surface Active Agents,” Chapman and Hall, London, England, 
1968. 


(3) K. Ikeda, K. Kato, and T. Kukamoto, Chern. Pharrn. Bull., 19, 
2510 (1971). 


(4) M. W. Gouda, A. A. Ismail, and M. M. Motawi, J .  Pharm. Sci., 
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80 100 120 140 160 


MOLECULAR SURFACE AREA, & 
Figure 5-Variation of the standard free energy of solubilization of 
barbituric acids with the molecular surface area of their substituted 
groups at 25O, polyoryethylene lauryl ether solutions. See Fig. 3 for 
key. 


Comparison of these results with those of Ikeda et a[. (3) in polyoxy- 
ethylene lauryl ether aqueous solutions (Fig. 5) shows the standard de- 
viation of fit for the five 5-ethyl derivatives is u = 53 with r2 = 0.996. I t  
also seems that the two monoallyl and the one diallyl derivatives are in 
the same position with respect to the 5-ethyl line in polyoxyethylene 
lauryl ether and alkyl sulfonate solutions. 


Since the common behavior of these solutes in nonionic and ionic 
surfactant solutions has been stressed, some differences should now be 
pointed out. Some authors noted the specific interaction between phe- 
nobarbital and oxyethylene groups at  high surfactant concentrations and 
low temperatures (3,4), leading to precipitation of this barbituric acid. 
Such behavior is not found with alkyl sulfonate. However, some specificity 
is apparent with the observation that, for phenobarbital, AGZ moves off 
the line corresponding to the 5-ethyl derivatives as the temperature in- 
creases. This effect, which is small, is difficult to interpret since specific 
effects usually decrease as temperature increases. (The correlation be- 
tween AG: and molecular surface area is better a t  55O than at  25” for the 
5-ethylbarbituric acids.) Reposal is more soluble than one might expect 
from its molecular surface area, although it  is the only compound for 
which precise molecular surface area evaluation could not be made. Fi- 
nally, a rough correlation may be observed between AGZ and AS: in a 
direction indicating that the micellar solubilization is favored by the 
penetration of the solubilized compounds in the micelle interior. Thus, 
barbital with the less negative AG; value and reposal with the most 
negative AG’: value have the most negative and the most positive AS; 
values, respectively. This observation again points out that micellar so- 
lubilization is essentially an entropy-related phenomenon. 


In conclusion, although this study used an impure surfactant product, 
the self-consistency of the results, when compared with pure sodium 
lauryl sulfate solutions or with the nonionic solutions, and the correlations 
found with the molecular surface area approach justify the general con- 
clusions proposed. 
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Abstract A specific and sensitive high-performance liquid chroma- 
tographic method for the analysis of oxfendazole in cow milk is described. 
Oxfendazole'was extracted from milk using a mixture of acetone and 
chloroform under alkaline conditions. The solvents were evaporated, and 
the oily residue was purified by hexane-acetonitrile partition and acid- 
base extraction. The residue obtained after cleanup was redissolved in 
methanol for chromatographic analysis. Chromatography was performed 
on a reversed-phase column with acetonitrile-water as the mobile phase. 
As low as 0.005 pg of oxfendazole/g can be measured by this method using 
50 g of milk. The method was applied to measure oxfendazole in the milk 
of a cow given an oral 5-mg/kg dose. 


Keyphrases Oxfendazole-high-performance liquid chromatographic 
analysis of cow milk o High-performance liquid chromatography- 
analysis of oxfendazole in cow milk 0 Anthelmintics-oxfendazole, 
high-performance liquid chromatographic analysis in cow milk 


Oxfendazole, [5- (phenylsulfinyl) - 1H-benzimidazol- 
2-yllcarbamate (I), is a new orally effective anthelmintic 
agent for the control of GI and lung parasites in cattle and 
sheep (1). The use of oxfendazole as an anthelmintic in 
dairy cattle may result in its presence in milk a t  low levels. 
To protect the general public from exposure to drug resi- 
due in milk, a government guideline for the safe use of 
animal drugs requires a sensitive analytical method for 
drug level monitoring in marketed milk (2). 


BACKGROUND 


Oxfendazole belongs to the benzimidazole class of anthelmintics. The 
analysis of benzimidazole compounds in animal tissues and biological 
fluids by colorimetric (3), fluorometric (3-5), high-performance liquid 
chromatographic (HPLC) (6,7), and radioimmunoassay (8) methods has 
been described. The colorimetric and fluorometric methods lack the 
specificity and sensitivity needed for assay from milk. HPLC and ra- 
dioimmunoassay are intended for use in plasma, utilizing minimum 
sample cleanup. Because of the high fat content of raw milk, these 
methods are not applicable to the analysis of trace drug levels in milk. 


An HPLC method for the analysis of benzimidazole compound in an- 
imal tissues and milk based on ion-exchange chromatography also was 
reported (9). The sensitivity achieved was 0.05 pg/g in cow milk and 0.1 
pg/g in cattle tissues. To ascertain the safe use of oxfendazole in food- 
producing animals, an analytical method capable of measuring the drug 
level a t  0.005 pg/g in milk is required. 


This paper describes an analytical method using HPLC and UV de- 
tection. The nanogram per gram level of measurement was achieved by 
a highly efficient extraction and cleanup procedure. The method was used 
to establish the depletion profile of oxfendazole in milk of a dairy cow 
following a single oral dose of 5 mg of oxfendazole/kg. 


EXPERIMENTAL 


Reagents and Chemicals-All solvents were distilled-in-glass grade'. 
Other reagents and chemicals were reagent grade. Phosphate saline buffer 
(pH 8) was 0.05 M, containing 9 g of sodium chloride in 1 liter of buffer. 
Oxfendazole and the internal standard, [5-(4-methylsulfinylphenoxy)- 
IH-benzimidazol-'2-yl]carbamate (11), were obtained in-house2. 


Apparatus-Analyses were performed on a high-performance liquid 


Burdick & Jackson Laboratories, Muskegon, Mich. * Syntex Research. Palo Alto. Calif. 


H 
I 


I 


chromatograph3 equipped with a UV detector set a t  254 nm and a 10-mv 
recorder. A 4-mm X 30-cm reversed-phase column4 coupled with a pre- 
column5 was used for chromatographic separation. 


Chromatographic Conditions-The mobile phase was 24.5% ace- 
tonitrile in water a t  a flow rate of '2 ml/min. The columns were operated 
at ambient temperature, and column pressure was maintained between 
1000 and 2000 psi. 


Extraction-Raw milk (50 g) was weighed into a 250-ml polypro- 
pylene bottle, and a solution of internal standard (1 ml of a 1-pg/ml so- 
lution in 0.1 N HCI) was added. The bottle contents were swirled, and 
150 ml of acetone was added. The bottle was capped and mechanically 
shaken for 10 min. 


After centrifugation, the acetone extract was poured into a 500-ml 
separator. Then 10 ml of pH 8 phosphate buffer and 300 ml of chloroform 
were added to the acetone extract. The mixture was shaken for 10 min, 
and the layers were allowed to separate over 10 min. The lower organic 
layer was drained into a 500-ml erlenmeyer flask containing 80 g of 
granular anhydrous sodium sulfate, and the flask was stoppered and 
shaken briefly. The mixture was filtered through a 80-mm i.d. polypro- 
pylene powder funnel fitted with a glass wool plug. 


The filtrate was collected into a 1-liter round-bottom evaporation flask. 
The erlenmeyer flask was rinsed with 50 ml of chloroform-acetone (21), 
and the rinse solvent was filtered through the same funnel and combined 
with the first extract in the I-liter flask. The organic extract was evapo- 
rated to an oily residue, using a vacuum rotary evaporator with the water 
bath set a t  37'. The residue obtained was transferred to a 125-ml sepa- 
rator with the aid of 50 ml of hexane and 50 ml of acetonitrile, and the 
separator was capped and shaken for 5 min. The separated acetonitrile 
layer then was drained into another separator and washed twice with 25 
ml of hexane. 


The final acetonitrile extract was drained into a 250-ml round-bottom 
flask and evaporated to a residue on a rotary evaporator. The residue 
obtained was transferred quantitatively to a 125-ml separator with the 
aid of 50 ml of ethyl acetate. The ethyl acetate was extracted with 0.2 N 
HCI (3 X 10 ml). The acid was combined in another 125-ml separator and 
washed with hexane (2 X 10 ml). All ethyl acetate and hexane layers were 
discarded. Then 6 ml of 1 N NaOH was added to the acid extract, and 
the solution pH was adjusted to 8 by the addition of 300 mg of sodium 
bicarbonate. 


The basic solution was extracted with ethyl acetate ('2 X 25 ml). The 
ethyl acetate extract was dried over a bed of anhydrous sodium sulfate 
(5 g) and evaporated to a residue. The residue was redissolved in 10 ml 
of ethyl acetate and filtered through a 0.5-pm filters into a 15-ml conical 
test tube. The filtrate was evaporated to dryness and redissolved in 200 


n 
Model ALCIGPC-POI, Waters Associates, Milford, Mass. 
GBondapak CIS, Waters Associates, Milford, Mass. 
Co-Pel1 ODS guard column, Whatman, Clifton, N.J. 


6 Fluoropore filter FHLP 1300, Millipore Carp., Bedford, Mass. 
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Table 11-Statistical Parameters of Milk Calibration Curves Table I-Percent of Radioactivity Present at Each Step of 
Extraction 


Extraction Step Recoverya, % 


Acetone extract 
Chloroform-acetone (2:l) extract 
Aqueous layer 
Hexane 
Ethyl acetate after 0.2 N HC1 extraction 
Hexane wash of 0.2 N HCl 
Base after ethyl acetate extraction 
Final extract for HPLC 
HPLC assay ( d g )  


93.21 
92.12 
1.27 
1.02 
4.84 


NM 
0.57 
79.23c 
0.01 


From raw milk spiked with 0.01 f ig  of [“C]oxfendazole/g. * Not measurable. 
About 6% of the radioactivity was not accounted for, probably due to adsorption 


onto glassware. 


p1 of methanol. An aliquot (25 pl) was injected onto the chromatograph 
for analysis. 


Extraction Efficiency and Total Recovery-A known amount of 
‘*C-labeled oxfendazole was spiked into drug-free raw milk. Extraction 
efficiency and total recovery of oxfendazole were established by moni- 
toring the radioactivity present in every fraction at  each step. 


Calibration Curve Preparation-Oxfendazole levels in unknown 
samples were determined with a calibration curve prepared in the fol- 
lowing manner. Known amounts of oxfendazole and the internal standard 
were spiked into drug-free raw milk in the range of 0.005-0.05 pg of ox- 
fendazolelg and 0.02 pg of the internal standard/g. The samples were 
processed as described and subjected to HPLC analysis. The calibration 
curve was constructed by plotting the ratio of the chromatographic peak 
heights of oxfendazole and the internal standard uersus micrograms of 
oxfendazole spiked per gram. 


Spiking solutions of oxfendazole, 0.25,0.5,1,1.5,1, and 2.5 gg/ml, were 
prepared by diluting the stock solution of oxfendazole with 0.1 N HCl. 
Oxfendazole stock solution was prepared by dissolving 10 mg of ox- 
fendazole in 100 ml of methanol-0.1 N HCl(1:l). The internal standard 
spiking solution (1 pglml in 0.1 N HC1) was prepared by the dilution of 
a stock internal standard solution of 50 pglml with 0.1 N HCl. One mil- 
liliter of each oxfendazole spiking solution was added to 50 g of raw milk 
to yield spiking levels of 0.005, 0.01,0.02, 0.03,0.04, and 0.05 pg of ox- 
,fendazolelg. One milliliter of the spiking internal standard solution then 
was added to the raw milk (50 g) already fortified with oxfendazole to 
obtain 0.02 pg of the internal standardlg. 


Analysis of Milk Samples Containing Oxfendazole Levels of >0.05 


Linear Regression 
Curve Correlation Intercept, 


Number Coefficient PLgk Slope” 


I 
I1 
I11 
IV 


0.9995 0.0003 51.16 
0.9997 0.0004 49.17 
0.9993 0.0007 49.84 
0.9998 0.0002 50.06 


a The mean was 50.06 f 0.83 (SD). 


pg/g-Milk samples containing oxfendazole levels higher than the cal- 
ibration curve range were diluted with appropriate amounts of blank milk 
obtained from an untreated animal. The samples after dilution were 
treated in the same manner as described under Extraction. A dilution 
factor then was included in the final calculation against the calibration 
curve. 


RESULTS AND DISCUSSION 


Oxfendazole, a benzimidazole carbamate, was chromatographed using 
a reversed-phase microparticulate column and a mobile phase of 24.5% 
acetonitrile in water. Baseline resolution of oxfendazole and its structural 
analog used as an internal standard was achieved. The UV spectrum of 
oxfendazole in methanol indicated that its A,,, was at  228 nm with a 
molar extinction coefficient of 45,565. Due to the ready availability of 
a 254-nm fixed-wavelength UV detector, detection at  254 nm was pre- 
ferred. The molar extinction coefficient a t  254 nm was 11,025 and was 
adequate for the sensitivity requirement of this assay. 


Oxfendazole extraction from milk using various solvents was investi- 
gated. The extraction of milk directly with ethyl acetate caused an un- 
breakable emulsion. Emulsion formation also was observed when chlo- 
roform was used. To eliminate this problem, acetone was added to milk 
to precipitate the milk protein and also to act as an extracting solvent. 
The acetone extract then was partitioned with chloroform to remove 
water. The organic layer obtained was cleaned up further uia hexane- 
acetonitrile partitioning and acid-base extraction. Until the acetone- 
chloroform extraction step, -92% of the spiked [14C]oxfendazole was 
extracted. The overall recovery of [14C]oxfendazole spiked in milk that 
went through the entire extraction procedure was 79%. A step-by-step 
account of loss and recovery throughout the assay is summarized in Table 
I. 


The chromatograms of control milk and milk spiked with oxfendazole 


2 3 4 5 6 7 8 9 1 0 1 1 1 2 0  
l l l l l l l l l l l  
2 ’ 3  4 5 6 7 8 9 1 0 1 1 1 2  


RETENTION TIME, rnin 


Figure 1-A, high-performance liquid chromatogram obtained from the analysis of control milk processed through the procedure; B,  control milk 
spiked with 0.005 p g  of oxfendazolelg and 0.02 p g  of internal standardlg; and C ,  control milk spiked with 0.03 p g  of oxfendazolelg and 0.02 p g  
of internal standardlg. Chromatographic conditions were: mobile phase, 24.5% acetonitrile in water; flow rate, 2 mllmin; temperature, ambient; 
and detection, 254 nm at 0.01 aufs. Key: I, oxfendazole; and I I ,  internal standard. 
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Table 111-Analysis of Oxfendazole Level in Spiked Cow Milk 


Oxfendazole Oxfendazole Ratio of 
Spiked, Found, Assayed 


wglg pglg Mean to Spiked Milk 


0.005 0.0051 0.0051 1.02 
0.0050 
0.0052 
0.0052 


0.010 
0.011 
0.011 


0.020 
0.021 
0.020 


0.030 
0.030 
0.030 


0.040 
0.042 
0.040 


0.049 
0.050 
0.050 


0.01 0.010 0.0105 1.05 


0.02 0.021 0.0205 1.03 


0.03 0.030 0.030 1.00 


0.04 0.040 0.0405 1.01 


0.05 0.052 0.0503 1.01 


and the internal standard are shown in Fig. 1. The chromatogram ob- 
tained from the analysis of drug-free milk showed no interference peak 
at the retention time of oxfendazole and the internal standard. Chro- 
matograms from milk spiked with 0.005 or 0.03 pg of oxfendazole/g along 
with 0.02 pg of the internal standard/g indicated adequate peak response 
for both compounds at  these concentrations. 


The calibration curve obtained from the analysis of blank milk spiked 
with oxfendazole in the 0.005-0.05-pglg concentration range was linear. 
The statistical parameters showing linear regression fits of four cali- 
bration curves are given in Table 11. Table I11 summarizes the data ob- 
tained from the repeat analysis of milk samples spiked with oxfenda- 
zole. 


Coefficient of variance (standard deviation per mean) was calculated 
to assess assay variability. The coefficients of variance for the analysis 
a t  0.005,0.01,0.02,0.03,0.04, and 0.05 pglg (n = 4) were 1.95,4.84,2.94, 
0.66,1.98, and 1.99%, respectively. 


Oxfendazole levels in the milk of a cow following the administration 
of 5 mg of oxfendazolekg were determined by the described method. The 
cow was milked at 0 (predose), 4,8,12, and 24 hr after dose on the 1st day. 
For the next 6 days, milking was carried out every 12 hr. The oxfendazole 
levels in milk 4, 8, 12, 24, 36, 48,60, and 72 hr following dose adminis- 
tration were 0.097,0.212,0.334,0.460,0.325,0.173,0.058, and 0.009 pg/g, 
respectively. Oxfendazole was not detected beyond 72 hr after dose. 
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Abstract 0 A sensitive and reliable method for the quantitative deter- 
mination of itanoxone, 4-[4’-(2-chlorophenyl)phenyl]-4-oxo-2-methy- 
lenebutanoic acid, in biological fluids is described. A quantitative ethyl 
acetate extraction of the plasma samples is followed by reduction and 
methylation of itanoxone. Quantification is achieved by GLC using 
electron-capture detection and an internal standard. The minimum 
concentration of itanoxone detected in plasma is 0.1 pg/ml. Recovery of 
the titrated compound added to human plasma averaged 100.9 f 2.92% 
(RSD).  


Keyphrases Itanoxone-GLC determination in biological fluids 0 
GLC determination, electron-capture detection-analysis, itanoxone, 
biological fluids 4-[4’-(2-Chlorophenyl)phenyl]-4-oxo-2-methyIene- 
butanoic acid-itanoxone, GLC determination in biological fluids 


Itanoxone ( l ) ,  4-[4’-(2-chlorophenyl)phenyl]-4-oxo- 
2-methylenebutanoic acid (I), is used in the treatment of 
metabolic disorders (2-10). The impurities likely to be 
found in this raw material were studied (ll), as was a pu- 
rification process (12). The present study perfected a 


sensitive and reliable method for studying the absorption, 
metabolism, and excretion of I in animals and humans at 
relatively low doses. 


TLC methods were described for the determination of 
I in pharmaceutical formulations1 (13). Quantitation was 
achieved using the UV-absorbing properties of I. The 
method described in this paper used GLC followed by 
electron-capture detection for the determination of small 
quantities of I in biological fluids and pharmaceutical 
formulations. 


EXPERIMENTAL 


Reagents and Materials-Itanoxone2 (I) and internal standard (11) 
were obtained by a Friedel-Crafts reaction between itaconic anhydride 
and the corresponding aromatic derivative (14). The standard solutions 


A. Boucherle, University of Grenoble, Grenoble, France, expert report. 
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High-Performance Liquid Chromatographic Assay for 
Nanogram Determination of Chlorpromazine and Its 
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Abstract A specific and sensitive high-performance liquid chroma- 
tographic (HPLC) method for the quantitative determination of plasma 
chlorpromazine concentrations is described. The procedure is capable 
of determining 1 ng of chlorpromazine/ml and is adequate for following 
plasma concentration-time profiles after 7-mg single intravenous doses. 
After a simple organic extraction of the drug and an internal standard 
(mesoridazine) from plasma, the organic layer was transferred to a vial 
and evaporated to dryness a t  55’ under nitrogen. The residue was dis- 
solved in 200 pl of HPLC grade acetonitrile. Aliquots (70-100 pl) were 
chromatographed, and the drug was quantitated in the range of 1-15 
ng/ml of plasma using a fixed-wavelength UV detector. Plasma concen- 
trations determined by the method were compared with those obtained 
by a previously reported radioimmunoassay specific for chlorpromazine 
and N-desmethylchlorpromazine. The two methods agreed favorably 
with a correlation coefficient of 0.993 and a slope of 0.994. 


Keyphrases Chlorpromazine-high-performance liquid chromato- 
graphic analysis in plasma and comparison with a radioimmunoassay 0 
Psychotropic agents-chlorpromazine, high-performance liquid chro- 
matographic analysis Antipsychotic phenothiazines-chlorpromazine, 
high-performance liquid chromatographic analysis and radioimmuno- 
assay comparison 


Chlorpromazine is widely used in the treatment of cer- 
tain psychiatric disorders (1). It undergoes extensive me- 
tabolism, and several of its metabolites (2) are considered 
to be psychoactive. Some of the metabolites can be quan- 
titated in plasma; in some studies, the ratio of plasma 
concentrations of active to inactive metabolites was cor- 
related with clinical improvement in schizophrenic pa- 
tients (3-5). 


The various chemical methods of quantitation that have 
been used include GLC with electron-capture detection 
(6), GLC with mass spectrometric detection (7,8), fluo- 
rescent labeling with dansyl chloride (9), labeled derivative 
formation (lo), and TLC of a quaternary ammonium de- 
rivative formed by reaction with 9-bromornethylacridine, 
followed by UV photolysis and spectrofluorometric de- 
termination (11). These methods may have adequate 
sensitivity to determine plasma concentrations following 
therapeutic dosage regimens, but they are generally 
cumbersome and not easily amenable to routine clinical 
monitoring. 


The radioimmunoassay procedures are generally simple, 
sensitive, and readily applicable to routine analysis. Al- 
though sensitive, radioimmunoassays generally are suspect 


from the aspect of specificity. In the case of chlorpromazine 
radioimmunoassay (12-14), this specificity concern is 
augmented by the extremely large number of identified 
metabolites. To verify the specificity of the radioimmu- 
noassay procedure reported previously (14), which was 
based on proper designing of the antibody (151, high-per- 
formance liquid chromatographic (HPLC) assay, specific 
and sensitive to 1 ng/ml of plasma, was developed. This 
HPLC assay is described and compared with the radio- 
immunoassay reported earlier (14). 


EXPERIMENTAL 


Materials-Chlorpromazine hydrochloride’, prochlorperazine’, 
mesoridazine besylate*, 2-chlor~phenothiazine~, chlorpromazine sulf- 
oxide4, 7-hydroxychlorpromazine sulfoxide4, N-monodesmethylchlor- 
promazine4, N-monodesmethylchlorpromazine sulfoxide4, N-di- 
desmethyl~hlorpromazine~, N-didesmethylchlorpromazine sulfoxide4, 
and chlorpromazine N-oxide4 were used. All solvents were HPLC grade5, 
and all other chemicals were commercial analytical reagent grade. 


Apparatus-A liquid chromatographic pump6 and a valve-loop in- 
jector7 fitted with a lo00-pl loop were connected to a fixed-wavelength 
detecto@ operated at  254 nm. The detector was attenuated to 0.005 aufs 
for chlorpromazine and to 0.5 aufs for the internal standard. 


Column-A 250 X 3.2-mm i.d. column, packed with 5-pm cyano- 
bonded column packine, was used at ambient temperature with a mobile 
phase flow rate of 1.6 ml/min. 


Mobile Phase-The mobile phase consisted of 10% aqueous 0.015 M 
sodium acetate-acetic acid buffer (pH 6.5) and 90% acetonitrile. It was 
degassed by refluxing for 5 min and transferred to the solvent reser- 
voir. 


Internal Standard-A stock solution of mesoridazine besylate (lo00 
pg/ml, calculated as free base) was prepared in double-distilled water, 
stored in the absence of UV light a t  do, and used throughout the experi- 
ments. Dilutions of 50 pg/ml were prepared weekly and used for anal- 
ysis. 


Preparation of Standard Curves-An aqueous solution of chlor- 
promazine hydrochloride (100 pg/ml, calculated as free base) was pre- 
pared weekly in double-distilled deionized water and stored in the ab- 


1 Poulenc Ltd., Montreal, Quebec, Canada. 
2 Sandoz Pharmaceuticals, Dorval, Quebec, Canada. 


Aldrich Chemical Co., Montreal, Quebec, Canada. 
Donated by Dr. A. A. Manian, National Institute of Mental Health, Rockville, 


Fisher Scientific Co., Montreal, Quebec, Canada. 


Model 7120, Rheodyne, Technical Marketing Associates, Ottawa, Ontario, 


Md. 


6 Model llOA, Altex, Beckman Instruments, Toronto, Ontario, Canada. 


8 Model 440, Waters Associates, Mississauga, Ontario, Canada. 
9 Spherisorb CN, Altex, Beckman Instruments, Toronto, Ontario, Canada. 


Canada. 
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Table I-HPLC Retention Times of Chlorpromazine and Its 
Metabolites 


I 


v) 
LL 
3 


In 
a 
d 


ComDound 


J L  


Retention 
Time, rnin 


C hlorpromazine 
Chlorpromazine sulfoxide 
7-Hydroxychlorpromazine 
7-Hydroxychlorpromazine sulfoxide 
N-Monodesmethylchlorpromazine 
N-Monodesmethylchlorpromazine sulfoxide 
N-Didesmethylchlorpromazine 
N-Didesmethylchlorpromazine sulfoxide 
ChlorDromazine N-oxide 


1.90 
6.50 
2.70 
9.14 
5.86 


19.16 
3.48 
9.64 
6.10 


sence of UV light at 4O. Appropriate final dilutions of 1.0,2.5,5.0,7.5,10.0, 
and 15.0 ng/ml were made directly in plasma just prior to analysis. 


Extraction of Samples-Plasma samples were extracted using a 
modification of a method previously used for GLC-mass spectrometric 
analysis (8). 


To a 15-ml centrifuge tubelo were added 2 ml of plasma, 1 ml of 
aqueous internal standard (50 pg of mesoridazine), and 0.1 ml of 1 N HC1. 
The sample was mixed" for 30 sec, and 4 ml of HPLC grade isopropanol 
then was added. The sample was mixed12 for an additional 5 min and then 
centrifuged13 at  5000 rpm for 20 min at Oo. The supernate was poured 
into another tubelo, and the pH was adjusted to 12.5 with 200 pl of 5 N 
NaOH. After mixing12 for 10 sec, 4 ml of HPLC grade n-heptane was 
added. The sample was mixed12 for an additional 10 min and centri- 
fuged14 at 2500 rpm at room temperature. 


The upper organic layer then was transferred by pasteur pipet to a 5-ml 
conical vial15. The sample was evaporatedl6 to dryness under nitrogen 
and then cooled to  room temperature. Then 200 pl of acetonitrile was 
added, and the sample was mixed12 for 2 min. The clear yellow solution 
was transferred by pasteur pipet to a 1-ml screw-capped disposable vial. 
For analysis, 75-100 pl was injected into the chromatograph. 


Plasma Level Study-Two normal healthy volunteers, 64 and 87 kg, 
participated in a clinically supervised study. The antecubital veins on 
both arms of each subject were catheterized by means of infusion sets17. 
The intravenous solutions were prepared by diluting a commercial in- 
jectable preparationla with 50 ml of normal saline solution. The solutions 
were infused over a 2-min period uia the left catheter. The 64-kg subject 
received 10 mg, and the other subject received 7 mg of chlorpromazine 
as the hydrochloride. Blood samples were collected in heparinized tubedg 
without touching the rubber stoppers. After centrifugation, the plasma 
was removed and stored a t  4O until just prior to analysis. 


Recovery Study-For the determination of chlorpromazine recovery, 
blank plasma was spiked with 2.5 and 5.0 ng of chlorpromazine/ml as the 
hydrochloride salt and the samples were analyzed as already de- 
scribed. 


The absolute peak heights obtained from the standards were compared 
with those of fresh standards of chlorpromazine free base in acetoni- 
trile. 


Quantitation-Spiked plasma extracts were chromatographed, and 
standard curves were constructed by plotting the ratios of chlorpromazine 
to internal standard peak heights uersus the concentration of the drug 
(nanograms per milliliter of plasma). Calibration standards were chro- 
matographed each day when the unknown samples were analyzed. The 
concentrations of the unknown samples were determined by comparison 
of the peak height ratios to the standard curve obtained that day. 


RESULTS AND DISCUSSION 


Under the described conditions, chlorpromazine and the internal 
standard (mesoridazine) gave sharp and symmetrical peaks that eluted 
in 8 min (Fig. IB). No interference from endogenous plasma constituents 
was observed, as can be seen from the chromatogram obtained when the 
method was applied to blank plasma (Fig. 1A). Figure 1B shows a chro- 


10 Corex, Fisher Scientific Co., Montreal, Quebec, Canada. 
11 Vortex Genie, Fisher scientific Co., Montreal, Quebec, Canada. 


Evapomix, Fisher Scientific Co., Montreal, Quebec, Canada. 
l3 Sorval RCZ-B refrigerated centrifu e, Ivan Sorvall Inc., Newton, CT 06470. 
t4 IEC model HNS, Fisher Scientific Eo., Montreal, Quebec, Canada. 
15 Reacti-vial, Chromatographic Specialties, Brockville, Ontario, Canada. 
l6 Thermolyne Dri-Bath, Fisher Scientific Co., Montreal, Quebec, Canada. 
l7 Butterfly, Abbott Laboratories Ltd., Montreal, Quebec, Canada. 


l9 Vacutainers, Becton Dickinson and Co., Mississauga, Ontario, Canada. 
Largactil, Poulenc Ltd., Montreal, Quebec, Canada. 


Table 11-HPLC Estimation of Chlorpromazine Added to  
Plasma a 


Mean Peak 
Added, Height Ratio 


ne n x 102 SD RSD 


1.0 10 0.101 
2.5 5 0.250 
5.0 5 0.498 
7.5 5 0.758 


10.0 10 0.995 
15.0 5 1.418 


0.004 3.96 
0.009 3.60 
0.021 4.21 
0.012 1.58 
0.028 2.81 
0.026 1.84 


a y = rns, where m = 0.0975 f 0.0011; r2 = 0.999. * Mean = 3.00. 


matogram of a spiked plasma sample containing 2.5 ng of chlorproma- 
zine/ml and 50 pg of mesoridazine. Figure 1C shows a chromatogram of 
a 5-hr postdose plasma sample (2 ml) from the volunteer who received 
7 mg of chlorpromazine intravenously, the chlorpromazine concentration 
being estimated as 6.5 ng/ml. The specificity of the method was estab- 
lished further by chromatographing all available metabolites under the 
assay conditions. Several of these metabolites are considered to be major 
metabolic components in humans. All of the metabolites tested eluted 
at  retention times different from those of chlorpromazine and mesor- 
idazine (Table I). 


Mass spectral analyses of collected peaks from chromatographed 
plasma extracts of bulk plasma samples from dosed volunteers and spiked 
blank plasma were identical, suggesting that there was no interference 
from chlorpromazine metabolites that were not tested. 


C 


II 


- 
0 2 4 6 8  0 ' 1 8 & Q b ; h Q  


MINUTES 
Figure 1-Chromatograms of an extract of 2 ml of plasma. Key: A, 
blank; B, spiked with chlorpromazine (2.5 nglml) and the internal 
standard mesoridazine (25 pg/ml); and C, sample from a uolunteer 5 
hr postdose (7 mg io) estimated to contain 6.5 ng of chlorpromazine/ml. 
Peak I is chlorpromazine, and peak I1 is mesoridazine. 
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Table 111-Recovery of Chlorpromazine from Plasma 


Nanograms 
Added to Mean Percent 


1 ml Nanograms Recovery, 
of Plasma n Recovered mean f SD 


5.00 8 1.73 34.59 f 0.57 
2.5 6 0.86 34.31 f 0.76 


During the development of this assay, one major problem was the loss 
of chlorpromazine during plasma precipitation, drug extraction, or sol- 
vent evaporation. This problem was reported previously (16-18), and a 
simple method requiring minimum sample manipulation was sought to 
overcome it. Precipitation of plasma proteins was the process chosen 
because it would improve recovery of chlorpromazine by facilitating its 
release from high affinity bound plasma protein sites (19). Of the various 
reagents tried for plasma protein precipitation, trichloroacetic acid and 
acetonitrile resulted in complete occlusion of chlorpromazine. Precipi- 
tation with methanol was abandoned since evaporation was required 
before chlorpromazine could be extracted into nonpolar organic solvents. 
The use of isopropanol not only precipitated plasma proteins without 
occlusion of the drug but also reduced its loss due to adsorption and/or 
absorption onto the surfaces of the glass tubes used. Furthermore, the 
miscibility of isopropanol with a nonpolar solvent like heptane avoided 
the evaporation step completely. Mixtures of isopropanol and heptane 
were successfully used for extracting chlorpromazine and its metabolites 
from plasma (8). 


The problem of the loss of chlorpromazine at  the lower nanogram levels 
(110 ng) still existed and was visibly evident from the negative intercepts 
of the standard curves compiled using 50 ng of prochlorperazine/ml as 
the internal standard. To avoid the loss of chlorpromazine due to ad- 
sorption and/or absorption onto glass surfaces, the concentration of the 
internal standard was raised to 600 ng/ml in the hope that it would sat- 
urate the adsorption and/or absorption sites. This amount did not rectify 
the problem completely since the standard curves still showed some 
negative intercepts. A further increase in the prochlorperazine concen- 
tration resulted in a peak that interfered with that of chlorpromazine. 
This peak was thought to be due to a small impurity present in the pro- 
chlorperazine used. 


A solution of 10 jtg of 2-chlorophenothiazine used. as an antioxidant 
(11) along with 50 ng of prochlorperazine was tried to solve the described 
problem. However, on chromatographic analysis, the peak due to 2- 
chlorophenothiazine tailed into that of chlorpromazine. Ultimately, the 
use of mesoridazine as an internal standard at  a concentration of 50 jtg 
appeared to prevent adsorption and/or absorption as indicated by the 
lack of negative intercept observed with other internal standards tried. 
It also provided an acceptable retention time with no interference from 
plasma constitutents. 


Table I1 shows a composite standard curve for the quantitation of 
chlorpromazine from plasma. The curve is linear with a negligible in- 
tercept over the concentration range of 1-15 ng/ml. The ratio of chlor- 
promazine to mesoridazine plotted against chlorpromazine concentration 
gave a straight line passing through the origin (r2 = 0.999). A mean slope 


30 -n 


2 4 6 8 10 12 14 16 18 20 22 24 
HOURS AFTER DOSE 


Figure 2-Chlorpromazine concentrations in the plasma of two normal 
healthy volunteers. Key: A, volunteer (64 kg) who received 10 mg of an 
injectable chlorpromazine; and B, volunteer (87 kg) who received 7 mg 
of the same preparation. 
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PLASMA CONCENTRATION OF CHLORPROMAZINE, 
BY HPLC, ng/ml 


Figure 3-Plot of plasma chlorpromazine concentration in humans by 
radioimmunoassay (14) versus plasma concentration of chlorpromazine 
measured by the described HPLC method; n = 26, r2 = 0.993, and slope 
= 0.994. 


value of 0.0975 f 0.0011 was obtained. This linearity of the curve was 
observed to 30 ng/ml, the highest concentration tested. For plasma 
samples containing concentrations of >30 ng/ml, aliquots smaller than 
2 ml should be extracted. 


The sensitivity of the described assay 1 ng/ml of plasma was adequate 
for following plasma concentration-time profiles of subjects receiving 
low single intravenous doses of the drug (7-10 mg). However, it was not 
adequate for following plasma profiles in volunteers who were orally 
administered single low doses (up to 25 mg) of the drug. 


The overall recovery of chlorpromazine is given in Table 111. Results 
were from at  least six determinations at the 2.5- and 5.0-ng/ml plasma 
levels. A mean percent recovery of 34.45 f 0.67 was obtained. Although 
the recoveries of chlorpromazine in the present assay are low, they are 
reproducible. Attempts to improve the recovery of the drug led to either 
added complexities or irreproducibility. 


Application of the described HPLC procedure to plasma concentration 
determinations in subjects who received single intravenous doses of 
chlorpromazine'" (7 or 10 mg) is shown in Fig. 2. As can be seen, the 
method is of sufficient sensitivity to analyze specimens obtained as late 
as 24 hr after this low single intravenous dose. 


The described HPLC procedure was compared to the earlier radio- 
immunoassay procedure in which the antibody used cross-reacted only 
with chlorpromazine and N-desmethylchlorpromazine (14). There was 
excellent agreement between the values obtained by the two methods 
(Fig. 3). The correlation coefficient ( r2)  of 0.993 and the slope value of 
0.994 were obtained for 26 samples from the two volunteers, analyzed by 
the two methods. This excellent correlation suggests that N -  
desmethylchlorpromazine is not a major metabolite following single low 
intravenous doses. 


The described HPLC procedure is precise, accurate, and specific for 
the drug. Furthermore, it is of sufficient sensitivity to determine plasma 
levels following single intravenous doses (7 or 10 mg) of the drug and 
should be suitable for single- or multiple-dose pharmacokinetic or bio- 
availability studies. It compared favorably with a correlation coefficient 
of 0.99 with the radioimmunoassay procedure reported earlier, thereby 
suggesting that both procedures are suitable for therapeutic monitoring 
of patients undergoing treatment with chlorpromazine. However, it may 
not have the sensitivity for following plasma profiles in volunteers who 
are orally administered single doses of up to 25 mg of the drug. 
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Abstract 0 An improved analytical method was developed that simul- 
taneously quantitates pilocarpine and isopilocarpine in the presence of 
each other and pilocarpic acid. Pilocarpine and isopilocarpine are first 
separated from any pilocarpic acid present in the sample by eluting with 
water-washed chloroform through a column packed with acid-washed 
diatomaceous earth. The concentrations of pilocarpine and isopilocarpine 
then are determined by a combination of UV spectrophotometric and 
polarimetric measurements. UV absorbance is measured at  the absorp- 
tion maximum (215 nm), and optical rotation is measured at the 254-nm 
line of mercury. Standard curve and standard recovery data are pre- 
sented. The method is applicable to several commercially available 
ophathalmic solutions of pilocarpine and is compared to both the USP 
colorimetric method and a high-performance liquid chromatographic 
method. 


Keyphrases Pilocarpine-analysis in the presence of isopilocarpine 
and pilocarpic acid, ophthalmic solutions 0 Isopilocarpine-analysis in 
the presence of pilocarpine and pilocarpic acid, ophthalmic solutions 
UV spectrophotometry-analysis of pilocarpine and isopilocarpine, 
ophthalmic solutions Polarimetry-analysis of pilocarpine and iso- 
pilocarpine, ophthalmic solutions 


Pilocarpine is an alkaloid used in the treatment of 
glaucoma to lower intraocular pressure. It has been re- 
ported to isomerize into isopilocarpine or to form pilo- 
carpic acid reversibly in basic solution (1, 2). Both pro- 
cesses result in a loss of pharmacological activity (3,4). 


BACKGROUND 


Several satisfactory nonspecific methods have been developed for the 
analysis of pilocarpine (5-1 l), but only recently have numerous specific 
analytical methods been reported (1,2,12-17). Two procedures combine 
colorimetry and polarimetry (1, 12); the first measures a chromium 
complex of pilocarpine (5), and the second measures an iron complex of 
the hydroxamic acid of pilocarpine (8). While both methods are theo- 
retically sound in that the colorimetric methods should quantitate total 
pilocarpine and isopilocarpine and the polarimetric measurements should 
determine the amount of pilocarpine, these methods are not widely used 
for routine analysis. 


One specific NMR spectrometry method, requiring a 100-MHz in- 
strument, distinguishes between pilocarpine, isopilocarpine, pilocarpic 
acid, isopilocarpic acid, and pilocarpate and isopilocarpate ions (2). 
However, this procedure is not designed for multiple analyses and re- 
quires expensive instrumentation and reagents. A GLC method that 
separates pilocarpine and isopilocarpine was also described, but it in- 
volves a tedious derivatization of pilocarpine prior to analysis (13). Several 
specific high-performance liquid chromatographic (HPLC) methods for 
the quantitation of pilocarpine and isopilocarpine were reported (14-17) 
and were discussed previously (18). 


The present report describes a specific procedure involving a combi- 
nation of column chromatography, UV spectrophotometry, and polari- 
metry to analyze for pilocarpine and isopilocarpine in the presence of each 
other and pilocarpic acid. Validation data for the procedure and data 
resulting from the analysis of commercially available ophthalmic solu- 
tions by this and two other analytical methods are presented. 


EXPERIMENTAL 


Reagents-USP reference standard pilocarpine nitrate, USP grade 
pilocarpine hydrochloride’, and ACS reagent grade isopilocarpine ni- 
trate2, hydrochloric acid, dibasic potassium phosphate, monobasic po- 
tassium phosphate, water-washed chloroform, and acid-washed dia- 
tomaceous earth3 were used. 


Solutions-The following were used 0.1 M HC1 and pH 5.8 potassium 
phosphate buffer (prepared by mixing one volume of 1 M dibasic po- 
tassium phosphate with nine volumes of l M monobasic potassium 
phosphate and adjusting to pH 5.8 with the appropriate potassium 
phosphate solution). 


Equipment-A UV ~pectrophotometer~, polarimeter5, and 60-MHz 
NMR instrument6 were used. 


Optical Rotation Measurements-Stock solutions of pilocarpine 
hydrochloride and isopilocarpine nitrate were prepared in 0.1 M HCl. 
From these stock solutions, a series of solutions was prepared in con- 
centrations ranging from 0.17 to 1.70 mg/ml of pilocarpine or isopilo- 


1 Quimitra S. A,, Merck. 
Aldrich Chemical Co. 


3 Celite 545, Johns-Manville Product Corp. 
Beckman model ACTA CV with matched 1-cm quartz cells. 
Perkin-Elmer model 241 MC with a 100 X 4-mm i.d. cell. 
Varian model EM360A. 
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Abstract 0 Theoretical expressions were derived that show how drug 
release rates are modified by sink and nonsink conditions. The effect of 
basic physicochemical parameters and the relevance to in uitro testing 
are discussed. 


Keyphrases Theoretical release profiles-drug release rates modified 
by sink and nonsink conditions Release rates-theoretical comparison 
of drug release into sink and nonsink conditions 


The release characteristics of formulations are often 
determined in sink conditions, usually produced either 
with a continuous supply of fresh receptor solution or by 
devising an experiment where there is a large receptor 
volume compared to the donor phase. Mathematical 
equations were previously derived to describe drug release 
into sink conditions for certain physical situations (1-6), 
and experimental confirmation of the results was obtained 
(7-12). For some cases, the assumption that drug release 
takes place into sink conditions is an adequate represen- 
tation of the in uiuo situation, but nonsink conditions 
would be more appropriate under certain circumstances. 
Furthermore, experimental constraints may prevent the 
attainment of sink conditions in vitro and, consequently, 
a mathematical description of the nonsink situation is 
necessary. 


In this paper, drug release into sink and nonsink con- 
ditions is theoretically compared and the manner in which 
the volume of the receptor phase affects the drug release 
rate is demonstrated. The relevant diffusion equations are 
solved for a nonspecific general situation using the method 
of Laplace transformation. The style of the mathematical 
approach parallels that of several recent reports (13- 
17). 


THEORETICAL 


The Model-The formulation is assumed to release drug at  a diffu- 
sion-controlled rate into a well-stirred receptor volume. The concen- 
tration profile of drug in the formulation and the receptor compartment 
then have the form shown in Fig. 1. 


The cumulative amount of drug that penetrates into the receptor 
compartment at time t is given by: 


where Dd is the diffusion coefficient of the drug in the formulation and 
A is the surface area across which release takes place. 


To simplify solution of the diffusion equations, three normalized 
variables are defined (18): 


u = clco 


x = X I 1  


T = Ddt/12 (Eq. 4) 


where co is the initial drug concentration in the donor phase and 1 is the 
thickness of the donor phase. With these variables, it is possible to rewrite 
Eq. 1 to give: 


To facilitate solution of the diffusion equations, it is also assumed that 
diffusion occurs in only one dimension and that the diffusion coefficient 
is concentration independent. 


Diffusion in the donor phase is then described by Fick‘s second law of 
diffusion, which, in terms of the normalized variables, is expressed as: 


dUdIdT = d 2 u d / d x 2  (Eq. 6) 


This differential equation is solved by using Laplace transforms with 
boundary conditions appropriate to sink and nonsink conditions. 
Sink Conditions-For sink conditions, drug is continuously removed 


from the surface of the formulation, producing the boundary condi- 
tions: 


T 2 O  ud,X=O=O (Eq. 7) 


T = O  u d  = 1 (Eq. 8) 


(budIdx)1  = 0 (Eq. 9) 


The physical significance of Eqs. 7-9 may be explained as follows. 
Equation 7 describes the sink condition. For all values of T (the nor- 
malized time variable), the concentration at the surface of the formulation 
(X = 0, z = 0) is zero. Equation 8 shows that there is initially a uniform 
drug concentration in the donor phase (i.e.,  at  t = 0, c = co and u d  = 1). 
Finally, Eq. 9 indicates that there is only a finite quantity of drug in the 
donor phase; i .e.,  it is not being replenished by any reservoir a t  z = l (X  
= 1). 


The Laplace transform of Eq. 6: 


S’tjd - 1 = b2gdid/bX2 (Eq. 10) 


has the general solution: 
- 
u d  = A cosh s1 f2X + B sinh s l f z X  + s-l (Eq. 11) 


By using boundary conditions Eqs. 7 and 9, the coefficients A and B may 
be eliminated to give: 


(duddlbx)O = s-1’2 tanh ,112 (Eq. 12) 


Thus: 


Mt = Alco L-’ tanh s1I2) (Eq. 13) 


which is identical to a previous problem (Eq. 15 of Ref. 14) and which has 


Donor 
phase 


receptor 
I phase 
I 
I 
I 
I 
I 
1 
I 


I 
I 


I volume Y, 


DISTANCE 


Figure 1-concentration profile of drug in the receptor and donor 
phases at some time t after the start of the experiment. 
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Figure $-Release profile generated from EQS. 14,16,  and 18 for sink 
conditions. 


a solution: 
, 


Mt = M, 11 - 81a2 1 \(2n - 1)-2 exp[-(2n - 1)W T/4]$] 
n=l  


(Eq. 14) 


It is also possible to derive simplified expressions by approximating 


For short times T < 1, s > 1, tanh s1/2 u 1 (19): 


where M, = Alco and is the initial total amount of drug. 


the hyperbolic term in Eq. 13 and then taking the inverse transform. 


(Eq. 15) 


Mt N 2M_T'/2~-'/2 (Eq. 16) 


At long times T > 1, s < 1, coth s1/2 N s - ' / ~  + ~ ' / ~ / 3  (19): 


Mt = 3 M ,  & -' [s-' (s + 3)-'1 


Mt = M,[1- exp(-3T)] 


(Eq. 17) 


(Eq. 18) 


Nonsink Conditions-For these release characteristics, the drug 
concentration is allowed to build up in the receptor phase and the con- 
dition described by Eq. 7 is no longer valid. At  the interface between the 
formulation and the receptor compartment, fast interfacial kinetics are 
assumed, which provide the new boundary condition: 


where K is a partition coefficient. 
Solution of the diffusion equation is identical to that previously de- 


scribed. A finite quantity of drug is still present, and the boundary con- 
dition Eq. 9 is still valid. The difference arises during the elimination of 
the coefficients A and B in the general solution, Eq. 11. 


The coefficients are eliminated by considering the buildup of con- 
centration in the receptor phase, which is related to the amount diffused 
at time t by: 


C, = Mt/V, (Eq. 20) 


Substitution of Eq. 5 gives: 


C r  = AlcoVr-' &-' [S-'(dud/dx)o] (Eq. 21) 


Thus: 
- 
Ud.0 = Al(Kv,)-'S-'(d~d/dX)o (Eq. 22) 


OY I I I 


0 0.0025 0.005 0.0075 
T 


Figure 3-Release profile given from Eq. 26 with Q = 1,  showing the 
short time pattern for nonsink conditions. 


OF-  I 1 . 0  ." 2 
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Figure 4-Release profile from Eq. 28 with various values of Q, showing 
the long time patternfor nonsink conditions. 


Differentiation of Eq. 11 and use of the boundary condition Eq. 9 give: 


(bUd/dX)o = (Ud$ - s-l)s1/2 tanh s1f2 (Eq. 23) 


and (dUd/dx)O may be eliminated by combination of Eqs. 22 and 23. 
Hence: 


c, = KAlco & -' [s-1(s112V,K coth s1l2 + Al)-'] (Eq. 24) 


Simple inversion of this equation is not possible, and approximations are 
made for long and short time release profiles. 


Short Time Approximation-At short times T < 1, s > 1, the coth 
function in Eq. 24 may be approximated (19): 


c, = AlcoV,-' & -' [ S - ' ( S ' / ~  + Al/V,K)-'] (Eq. 25) 


This function may be most readily inverted by separation into partial 
fractions followed by inversion of the individual fractions (19): 


Mt = M,Q-l [l - exp(Q2T) erfc (QT1J2)] (Eq. 26) 


Long Time Approximation-For T > 1, s < 1, and coth s1l2 = s-'I2 
where Q = Al/VrK. 


+ s'I2/3, Eq. 24 becomes: 


c, = KAlco &-' {S-~/~[V, .K(S~/~  + ~ 1 / ~ / 3 )  + A ~ S - ' / ~ ] - ~ ]  (Eq. 27) 


which may be inverted: 


Mt = M, (1 + Q)-' 11 - exp[-3(1+ Q)T]) (Eq. 28) 


Comparison of Sink versus Nonsink Conditions-It is now possible 
to obtain a direct comparison of the two sets of conditions using the ap- 
proximations at  short and long times. A t  short times, Eqs. 26 and 16 
produce: 


(Eq. 29) 
M,, -- - ~ ' / ~ [ 1  - e~p(Q~T)erfc(QT' /~)]  
Mt,s 2QT'l2 


and this complex expression describes the ratio of the amount released 
at time t from nonsink compared to sink conditions. 


The equivalent ratio for long times is given by combining Eqs. 28 and 
18: 


u) . s. 
$ 


v) 


Mt,ns -- - 1 - exp[-3(1 + Q)T] 
Mt,s (1 + Q)[1 - exp (-3T)] 


(Eq. 30) 


0.9 t 
0.8 


0 0.0025 0.005 0.0075 0.01 
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Figure 5-Comparison of sink versus nonsink conditions at short 
times, 
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Figure 6-Comparison of sink versus nonsink conditions at long 
times. 


DISCUSSION 


Figure 2 shows the release profile generated using the full solution given 
by Eq. 14. The figure also shows Eqs. 16 and 18, the two approximations. 
It is apparent that Eq. 16 is correct up to values of T - 0.5; from this time 
onwards, Eq. 18 is applicable. 


No unique mathematical expression is obtainable to describe the 
nonsink conditions. Therefore, concentration is focused on long and short 
time approximations because i t  is not possible to predict accurately the 
release profile for T values approximating to unity. Figure 3 shows the 
short time approximation given by Eq. 26 for Q = 1. The curve generated 
shows a smooth release pattern not unlike that given by the more simple 
t1I2 approximation applicable to sink conditions. However, there are slight 
differences as T increases, as shown in Fig. 3. This result would be ex- 
pected at  short periods of time since there is no appreciable concentration 
buildup in the receptor phase. 


The long time approximation, given by Eq. 28, is plotted in Fig. 4. The 
variation with Q is indicated, and a series of simple first-order curves is 
obtained. The curves approach the limit, as T - m,  of (1 + Q)- l ,  as 
predicted by Eq. 28. When Q < 1, the nonsink limit approaches the long 
time limit for sink conditions, as expected. This situation corresponds 
to the experimental conditions of a large receptor volume or large parti- 


tion coefficient. 
Figure 5 compares sink and nonsink conditions a t  short times for Q 


= 1. At extremely short times, the ratio is unity, as expected. However, 
as T increases, the deviation from unity becomes more marked and the 
effect of nonsink conditiohs becomes apparent. As expected, this general 
deviation is more pronounced at  long times (Fig. 6) and is most noticeable 
for large values of Q corresponding to small values of the volume of the 
receptor phase and low partition coefficient. 
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Abstract The analytical and spectroscopic characteristics of itanoxone 
were determined. These data can be used to identify or assay this new 
drug. 


Keyphrases fl Itanoxone-physicochemical and analytical character- 
istics of itanoxone Spectroscopy-itanoxone, physicochemical and 
analytical characteristics fl Hyperlipidemic agents-itanoxone, physi- 
cochemical and analytical characteristics Hyperuricemic agents- 
itanoxone, physicochemical and analytical characteristics 


Itanoxone is the internationally designated name (1) for 
4- [4’-( 2-~hlorophenyl)phenyl] -4-0x0-2-methylenebutanoic 
acid (I). This compound has pharmacological and clinical 
properties (2) suitable for the treatment of hyperlipidemia 
(3-5) and hyperuricemia (6). Theoretical impurities of I 
(7) and an industrial purification process (8) were studied 
previously. This paper considers some physical and 
physicochemical properties of I. 


n 


I 
Scheme I 


EXPERIMENTAL 


Synthesis-Itanoxone (I) was synthetized by the Friedel-Crafts re- 
action between itaconic anhydride and 2-~hlorobiphenyl(9,10) (Scheme 
I). 
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Abstract 0 An improved analytical method was developed that simul- 
taneously quantitates pilocarpine and isopilocarpine in the presence of 
each other and pilocarpic acid. Pilocarpine and isopilocarpine are first 
separated from any pilocarpic acid present in the sample by eluting with 
water-washed chloroform through a column packed with acid-washed 
diatomaceous earth. The concentrations of pilocarpine and isopilocarpine 
then are determined by a combination of UV spectrophotometric and 
polarimetric measurements. UV absorbance is measured at  the absorp- 
tion maximum (215 nm), and optical rotation is measured at the 254-nm 
line of mercury. Standard curve and standard recovery data are pre- 
sented. The method is applicable to several commercially available 
ophathalmic solutions of pilocarpine and is compared to both the USP 
colorimetric method and a high-performance liquid chromatographic 
method. 


Keyphrases Pilocarpine-analysis in the presence of isopilocarpine 
and pilocarpic acid, ophthalmic solutions 0 Isopilocarpine-analysis in 
the presence of pilocarpine and pilocarpic acid, ophthalmic solutions 
UV spectrophotometry-analysis of pilocarpine and isopilocarpine, 
ophthalmic solutions Polarimetry-analysis of pilocarpine and iso- 
pilocarpine, ophthalmic solutions 


Pilocarpine is an alkaloid used in the treatment of 
glaucoma to lower intraocular pressure. It has been re- 
ported to isomerize into isopilocarpine or to form pilo- 
carpic acid reversibly in basic solution (1, 2). Both pro- 
cesses result in a loss of pharmacological activity (3,4). 


BACKGROUND 


Several satisfactory nonspecific methods have been developed for the 
analysis of pilocarpine (5-1 l), but only recently have numerous specific 
analytical methods been reported (1,2,12-17). Two procedures combine 
colorimetry and polarimetry (1, 12); the first measures a chromium 
complex of pilocarpine (5), and the second measures an iron complex of 
the hydroxamic acid of pilocarpine (8). While both methods are theo- 
retically sound in that the colorimetric methods should quantitate total 
pilocarpine and isopilocarpine and the polarimetric measurements should 
determine the amount of pilocarpine, these methods are not widely used 
for routine analysis. 


One specific NMR spectrometry method, requiring a 100-MHz in- 
strument, distinguishes between pilocarpine, isopilocarpine, pilocarpic 
acid, isopilocarpic acid, and pilocarpate and isopilocarpate ions (2). 
However, this procedure is not designed for multiple analyses and re- 
quires expensive instrumentation and reagents. A GLC method that 
separates pilocarpine and isopilocarpine was also described, but it in- 
volves a tedious derivatization of pilocarpine prior to analysis (13). Several 
specific high-performance liquid chromatographic (HPLC) methods for 
the quantitation of pilocarpine and isopilocarpine were reported (14-17) 
and were discussed previously (18). 


The present report describes a specific procedure involving a combi- 
nation of column chromatography, UV spectrophotometry, and polari- 
metry to analyze for pilocarpine and isopilocarpine in the presence of each 
other and pilocarpic acid. Validation data for the procedure and data 
resulting from the analysis of commercially available ophthalmic solu- 
tions by this and two other analytical methods are presented. 


EXPERIMENTAL 


Reagents-USP reference standard pilocarpine nitrate, USP grade 
pilocarpine hydrochloride’, and ACS reagent grade isopilocarpine ni- 
trate2, hydrochloric acid, dibasic potassium phosphate, monobasic po- 
tassium phosphate, water-washed chloroform, and acid-washed dia- 
tomaceous earth3 were used. 


Solutions-The following were used 0.1 M HC1 and pH 5.8 potassium 
phosphate buffer (prepared by mixing one volume of 1 M dibasic po- 
tassium phosphate with nine volumes of l M monobasic potassium 
phosphate and adjusting to pH 5.8 with the appropriate potassium 
phosphate solution). 


Equipment-A UV ~pectrophotometer~, polarimeter5, and 60-MHz 
NMR instrument6 were used. 


Optical Rotation Measurements-Stock solutions of pilocarpine 
hydrochloride and isopilocarpine nitrate were prepared in 0.1 M HCl. 
From these stock solutions, a series of solutions was prepared in con- 
centrations ranging from 0.17 to 1.70 mg/ml of pilocarpine or isopilo- 


1 Quimitra S. A,, Merck. 
Aldrich Chemical Co. 


3 Celite 545, Johns-Manville Product Corp. 
Beckman model ACTA CV with matched 1-cm quartz cells. 
Perkin-Elmer model 241 MC with a 100 X 4-mm i.d. cell. 
Varian model EM360A. 
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carpine. Several solutions containing both pilocarpine and isopilocarpine 
were also prepared. The pilocarpine and isopilocarpine concentrations 
of these solutions varied inversely at intervals of 20% and ranged from 
0.00 to 1.70 mg/ml. The total concentration was kept a t  a constant 1.70 
mg/ml. 


The optical rotation of each solution was measured as will be described 
under Procedure. 


Standard Preparation-Approximately 100 mg of pilocarpine hy- 
drochloride or the pilocarpine nitrate equivalent was accurately weighed 
into a 10.0-ml volumetric flask. The standard was dissolved and diluted 
to volume with purified water. After mixing, a 2.0-ml aliquot was pipetted 
into a 250-ml beaker. 


Commercial Product  Preparation-Sufficient sample to contain 
the equivalent of 20 mg of pilocarpine hydrochloride was pipetted into 
a 250-ml beaker. 


Standard Curve Preparation-Aqueous stock solutions of pilocar- 
pine and isopilocarpine were prepared similarly to those already de- 
scribed, and appropriate volumes were pipetted into 250-ml beakers. The 
resulting concentrations of the optical rotation solutions ranged from 
0.35 to 1.04 mg/ml for the pilocarpine standard curve. 


The total pilocarpine-isopilocarpine concentration of the combined 
solutions was 0.68 mg/ml. Again, the pilocarpine and isopilocarpine 
concentrations varied inversely (at intervals of 25%). 


Standard Addition Sample Preparation-A series of pilocarpine 
nitrate samples containing -17 mg as pilocarpine free base was prepared. 
Isopilocarpine nitrate was added to the pilocarpine solutions in intervals 
of 2%. The amount of isopilocarpine in the standard addition samples 
ranged from 2 to 10%. 


Procedure-Six milliliters of pH 5.8 buffer was added to each stan- 
dard and sample in the 250-ml beakers and thoroughly mixed. Ap- 
proximately 12 g of acid-washed diatomaceous earth was added to each 
beaker and mixed well by stirring with a spatula. The contents of each 
beaker were transferred into separate glass chromatographic columns 
containing a pledget of glass wool a t  the bottom. Each beaker was then 
dry washed with -3 g of acid-washed diatomaceous earth, which was also 
transferred to the columns. Another pledget of glass wool was placed a t  
the top of each column. The contents of the columns were packed by 
gentle tapping, and the carpines were eluted with 200 ml of water-washed 
chloroform into separate 250-ml separators containing 25.0 mi of 0.1 M 
HCl. The separators were then vigorously shaken for 1 min. 


The optical rotations of the arid layers and a 0.1 M HCI blank were 
measured a t  254 nm, using a mercury vapor lamp. The optical rotation 
of the blank was subtracted from all other optical rotation measurements. 
Two milliliters of each optical rotation solution was then accurately di- 
luted to 100.0 ml with 0.1 M HCI. The UV absorbance of these solutions 
was measured a t  the peak maximum (215 nm) by scanning from 245 to 
205 nm after the spectrophotometer was zeroed at 215 nm with a 0.1 M 
HCI blank. Pilocarpine and isopilocarpine concentrations, as percent label 
pilocarpine, were calculated using the following: 


C, = (Rla, - 0.165A/eP)/0.835 (Es. la)  


'70 label pilocarpoine = 100 CJC, 


isopilocarpine (expressed as % label pilocarpine) 


(Eq. l b )  


= 100 (AC,,d/A.&) - %label pilocarpine (Eq. lc)  


where all concentrations are those of the optical rotation solutions, in 
milligrams per milliliter, and: 


C, = calculated pilocarpine concentration in sample 
R = degrees of optical rotation of sample 


Rsld = degrees of optical rotation of standard 
C f i d  = pilocarpine concentration in standard 


U p  = Rstd/Cstd 


A = absorbance of sample 


Afitd = absorbance of standard 
e p  = AsdCatd 


Ct = theoretical pilocarpine concentration in sample 


RESULTS AND DISCUSSION 


Optical Rotation-Pilocarpine and isopilocarpine both have the same 
molar absorptivity a t  their absorbance maximum of 215 nm, i e . ,  log z = 
3.77 (19). Although both compounds rotate light in a positive manner in 
aqueous solution a t  254 nm, pilocarpine exhibits a larger optical rotation 
than isopilcarpine. These two physical characteristics form the basis for 
the present analytical method. 


Table I-Analysis of Isopilocarpine at Levels Commonly Found 
in Piloearpine Ophthalmic Solutions 


Theoretical Experimental Theoretical Experimental 
Pilocarpine, % Pilocarpine, % Isopilocarpine, '70 Isopilocarpine, % 


98.0 97.9,98.0 2.0 2.2,3.1 
96.0 95.7,95.3 4.0 4.0,4.5 
94.4 94.1,93.9 5.6 6.2, 6.6 
92.3 92.3,90.9 7.7 7.9,8.1 
90.5 90.6.90.6 9.5 9.6. 8.6 


Three sets of aqueous standards, containing either pilocarpine, iso- 
pilocarpine, or a mixture of both, were prepared, and the optical rotations 
were measured. A least-squares analysis of the optical rotation uersus 
concentration gave a correlation coefficient for pilocarpine of 1.oooO and 
a y intercept of -0.0018°. The relative standard deviation was 1.01'70, and 
the slope was 1.330°/mg/ml. The correlation coefficient for the isopilo- 
carpine data was 0.9993, and the y intercept was 0.0012°. The relative 
standard deviation was 2.07%, and the slope was 0.219"/mg/rnL The 
optical rotations of the pilocarpine and isopilocarpine solutions were 
additive, and the observed optical rotations of the pilocarpine-isopilo- 
carpine mixtures agreed well with predicted values (99.2 f 0.9%)7. 


Calculations-Equations for determining .the pilocarpine and iso- 
pilocarpine content of the solutions were derived based on the UV and 
optical rotation measurements of pilocarpine and isopilocarpine stan- 
dards. The derivations are as follows: 


(Eq. 2a) 


(Eq. 26)  


R = R, t R, 


R = O p C ,  + aiC, 


At a constant temperature and wavelength: 


yap = ai (Eq. 3) 


From the slopes of the pilocarpine and isopilocarpine optical rotation 
curves: 


so: 


Thus: 


Since: 


And then: 


Since: 


so: 


Therefore: 


and: 


up = 1.330°/mg/ml 


a, = 0.219"/mg/ml 


y = ai/a, = 0.219/1.330 = 0.165 


R = a,(C, + 0.165Ci) 


A = A, + Ai 


A = e,C, + eiC; 


e, = ei 


A = e,(C,  t C , )  


Ci = ( A h , )  - C, 


R = ap(Cp + 0.16S(A/eP - C,)] 


R = a,(C, t 0.165A/ep - 0.165CP) 


R = a,[C,(l - 0.165) t 0.165A/eP] 


C, = (R/a, - 0.165A/eP)/0.835 


%label pilocarpine = 100 Cp/Ct  


(Eq. 4a) 


(Eq. 4b) 


(Eq. 5) 


(Eq. 6) 


(Eq. 7 )  


(Eq. 8) 


(Eq. 9) 


(Eq. 10) 


(Eq. 11) 


(Eq. 12a) 


(Eq. 1%) 


(Eq. 12c) 


(Eq. 13) 


(Eq. 14) 


Isopilocarpine, expressed as percent label pilocarpine, equals the 
concentration of total carpine as determined by UV analysis after elution 


7 Mean f SD.  
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Table 11-Determination of Pilocarpine and Isopilocarpine in  Commercially Available Pilocarpine Ophthalmic Solutions 


Sample Pilocarpine Analysis”, % Isopilocarpine Analysis”, % 
Concentration as UV- uv- 
Hydrochloride, % Polarimetry HPLC USPC Polarimetry HPLCC 


~ 


2 97,99 98,99 99,99 0.0.1.0 0.9,l.O 
1 96,95 94,96 95,96 2.7, 4.4 1.4, 1.4 
2 99,100 102,101 103,104 3.7,3.9 3.7,3.6 
2 99,98 101,100 100,98 0.0,0.8 0.7,0.8 


Percent label as pilocarpine salt. * Reference 18. c The USP procedure is the colorimetric method described in Ref. 8. 


from the column, minus the pilocarpine concentration as already deter- 
mined: 


isopilocarpine, as % label pilocarpine 


= 100 (ACs~/As&) - % label pilocarpine (Eq. 15) 


where all concentrations are those of the optical rotation solutions, in 
milligrams per milliliter, subscripts p refer to pilocarpine, subscripts i 
refer to isopilocarpine, and: 


R = degrees of optical rotation 
a = RIC 
C = sample concentration 
e = A/C 
A = absorbance 


Csa = pilocarpine concentration in standard 
 as^ = absorbance of standard 


The pilocarpic acid concentration can then be calculated by subtracting 
the total carpine concentration from the total imidazole concentration, 
which can be obtained without chromatographic separation from the 
direct UV comparison of sample and standard dilutions. All concentra- 
tions in this calculation are expressed as percent label pilocarpine. 


Analysis of Pilocarpine and Isopilocarpine-Pilocarpine standard 
solutions with concentrations of 0.007-0.021 mg/ml (0.34-1.04 mg/ml 
for the optical rotation concentrations) were analyzed by this procedure. 
A least-squares analysis of the absorbance plotted uersus the concen- 
tration gave a correlation coefficient of 0.9996 and a y intercept of 0.014 
absorbance unit. The relative standard deviation was 2.16%. The average 
log t was 3.77, which agreed well with the published value (19). The cor- 
relation coefficient for the optical rotation plotted uersus concentration 
was 0.9999 with a y  intercept of -0.0071°, and the relative standard de- 
viation was 0.48%. Complete elution of pilocarpine from the column was 
indicated by the good agreement of the observed optical rotation values 
with the predicted optical rotation values (102.0 f O . ~ I % ) ~ .  


A standard curve containing known mixtures of pilocarpine and iso- 
pilocarpine was evaluated using USP reference standard pilocarpine 
nitrate as the standard. The concentration of pilocarpine and isopilo- 
carpine ranged inversely from 0 to 100% at intervals of 25%. The results 
showed that the method was specific for pilocarpine and isopilocarpine 
in the presence of each other; the experimental values agreed within 3% 
of the theoretical percent label. 


A series of pilocarpine samples was analyzed after making standard 
additions of isopilocarpine ranging in concentration from 2 to 10% of the 
amount of pilocarpine present. The results showed that isopilocarpine 
can be analyzed accurately at levels commonly found in pilocarpine 
ophthalmic solutions. The results for pilocarpine and isopilocarpine were 
within 1% of the theoretical amount present (Table I). 


Eluting the pilocarpine solutions through an acid-washed diatomaceous 
earth column with chloroform leaves methylcellulose (7) and most other 
interfering excipients of commercially available ophthalmic solutions, 
as well as pilocarpic and isopilocarpic acids (carpic acids) and pilocarpate 
and isopilocarpate ions (carpate ions), on the column. The pH 5.8 phos- 
phate buffer prevents pilocarpine protonation, which, in turn, ensures 
that it will not be retained by the column. The retention of carpic acids 
and carpate ions by the column was confirmed by analyzing a sodium 
hydroxide-hydrolyzed solution of pilocarpine hydrochloride by NMR 
spectrometry (2) and the described UV-optical rotation method. This 
method detected 13% pilocarpine and 49% isopilocarpine, equal to 62% 
total carpines. NMR analysis detected 60% total carpines (pilocarpine 
plus isopilocarpine) and 40% total carpate ions. The results from these 
two methods were consistent and confirmed that carpic acids and carpate 
ions are not eluted from the column. 


Analysis of Commercially Available Pilocarpine Solutions- 


Ct = theoretical pilocarpine concentration in sample. 


Commercially available pilocarpine ophthalmic solutions were analyzed 
by the described method, a normal-phase HPLC method (18), and the 
USP colorimetric method (9). These solutions contained excipients 
commonly found in ophthalmic formulations such as benzalkonium 
chloride, chlorobutanol, disodium edetate, sodium acetate, citric acid, 
boric acid, menthol, camphor, and hydroxypropyl methylcellulose. 
Overall, the results of the UV-polarimetric method were in good agree- 
ment with the results from the HPLC and USP colorimetric methods. 
With the described procedure, the total pilocarpine and isopilocarpine 
content of the formulations approximately equaled the value obtained 
by the nonspecific USP colorimetric method, as expected (Table 11). 
Thus, this method exhibits specificity and appears to be an improved 
analytical procedure for pilocarpine in ophthalmic solutions. 


The only inconsistent results among the three methods were obtained 
on a 2% pilocarpine nitrate formulation containing polyvinyl alcohol and 
chlorobutanol. Average pilocarpine percent label values of 106,94, and 
127% were obtained for the UV-polarimetry, HPLC, and USP methods, 
respectively. The UV-polarimetry and HPLC methods produced average 
results for isopilocarpine of 2.0 and 1.2% label, respectively. 
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Table 111-Analysis of Oxfendazole Level in Spiked Cow Milk 


Oxfendazole Oxfendazole Ratio of 
Spiked, Found, Assayed 


wglg pglg Mean to Spiked Milk 


0.005 0.0051 0.0051 1.02 
0.0050 
0.0052 
0.0052 


0.010 
0.011 
0.011 


0.020 
0.021 
0.020 


0.030 
0.030 
0.030 


0.040 
0.042 
0.040 


0.049 
0.050 
0.050 


0.01 0.010 0.0105 1.05 


0.02 0.021 0.0205 1.03 


0.03 0.030 0.030 1.00 


0.04 0.040 0.0405 1.01 


0.05 0.052 0.0503 1.01 


and the internal standard are shown in Fig. 1. The chromatogram ob- 
tained from the analysis of drug-free milk showed no interference peak 
at the retention time of oxfendazole and the internal standard. Chro- 
matograms from milk spiked with 0.005 or 0.03 pg of oxfendazole/g along 
with 0.02 pg of the internal standard/g indicated adequate peak response 
for both compounds at  these concentrations. 


The calibration curve obtained from the analysis of blank milk spiked 
with oxfendazole in the 0.005-0.05-pglg concentration range was linear. 
The statistical parameters showing linear regression fits of four cali- 
bration curves are given in Table 11. Table I11 summarizes the data ob- 
tained from the repeat analysis of milk samples spiked with oxfenda- 
zole. 


Coefficient of variance (standard deviation per mean) was calculated 
to assess assay variability. The coefficients of variance for the analysis 
a t  0.005,0.01,0.02,0.03,0.04, and 0.05 pglg (n = 4) were 1.95,4.84,2.94, 
0.66,1.98, and 1.99%, respectively. 


Oxfendazole levels in the milk of a cow following the administration 
of 5 mg of oxfendazolekg were determined by the described method. The 
cow was milked at 0 (predose), 4,8,12, and 24 hr after dose on the 1st day. 
For the next 6 days, milking was carried out every 12 hr. The oxfendazole 
levels in milk 4, 8, 12, 24, 36, 48,60, and 72 hr following dose adminis- 
tration were 0.097,0.212,0.334,0.460,0.325,0.173,0.058, and 0.009 pg/g, 
respectively. Oxfendazole was not detected beyond 72 hr after dose. 
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Abstract 0 A sensitive and reliable method for the quantitative deter- 
mination of itanoxone, 4-[4’-(2-chlorophenyl)phenyl]-4-oxo-2-methy- 
lenebutanoic acid, in biological fluids is described. A quantitative ethyl 
acetate extraction of the plasma samples is followed by reduction and 
methylation of itanoxone. Quantification is achieved by GLC using 
electron-capture detection and an internal standard. The minimum 
concentration of itanoxone detected in plasma is 0.1 pg/ml. Recovery of 
the titrated compound added to human plasma averaged 100.9 f 2.92% 
(RSD).  


Keyphrases Itanoxone-GLC determination in biological fluids 0 
GLC determination, electron-capture detection-analysis, itanoxone, 
biological fluids 4-[4’-(2-Chlorophenyl)phenyl]-4-oxo-2-methyIene- 
butanoic acid-itanoxone, GLC determination in biological fluids 


Itanoxone ( l ) ,  4-[4’-(2-chlorophenyl)phenyl]-4-oxo- 
2-methylenebutanoic acid (I), is used in the treatment of 
metabolic disorders (2-10). The impurities likely to be 
found in this raw material were studied (ll), as was a pu- 
rification process (12). The present study perfected a 


sensitive and reliable method for studying the absorption, 
metabolism, and excretion of I in animals and humans at 
relatively low doses. 


TLC methods were described for the determination of 
I in pharmaceutical formulations1 (13). Quantitation was 
achieved using the UV-absorbing properties of I. The 
method described in this paper used GLC followed by 
electron-capture detection for the determination of small 
quantities of I in biological fluids and pharmaceutical 
formulations. 


EXPERIMENTAL 


Reagents and Materials-Itanoxone2 (I) and internal standard (11) 
were obtained by a Friedel-Crafts reaction between itaconic anhydride 
and the corresponding aromatic derivative (14). The standard solutions 


A. Boucherle, University of Grenoble, Grenoble, France, expert report. 
F 1379. 
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of the products to be analyzed were stored in glass containers a t  5". All 
solvents were analytical reagent grade, and the reducing catalyst was 10% 
palladium-on-charcoa13. 


Diazomethane (15,16), used as the methylating agent, was obtained 
from N-methyl-N-nitroso-p -toluenesulfonamide4 as follows. A 250-ml 
distilling flask was fitted with a condenser for distillation and with a 
funnel. The condenser was connected to two 50-ml receiver tubes im- 
mersed in ice water. Ether (10 ml) was placed in the first receiver, and 
35 ml of ether was placed in the second. The outlet tube passed above the 
surface of the acetic acid solution in an erlenmeyer flask. 


In the distilling flask was introduced 5 ml of 60% (w/w) potassium 
hydroxide aqueous solution, and then 5 ml of 2-ethoxyethanol and 3 ml 
of ether were added. In the dropping funnel was placed 20 ml of 10% (w/w) 
N-methyl-N-nitroso-p-toluenesulfonamide in ether. The flask was 
heated in a water bath at 70°, and the ethereal solution was transferred 
gently into the flask at  a regular rate during 15-20 min. The diazomethane 
that formed was driven off by ether and collected in the two receivers. 


This semimicromethod does not present any serious danger of explo- 
sion or toxicity if handled carefully under a well-ventilated hood. To avoid 
accidental exposure to diazomethane, work was performed in a saturated 
acetic acid atmosphere under a hood. The ethereal solution of diazo- 
methane should be kept in hermetically stoppered glass tubes and stored 
a t  5" for up to 1 week. 


In compliance with these safety rules, the diazomethane solution can 
be titrated a t  Oo with an excess of accurately titrated benzoic acid solu- 
tion. The benzoic acid must be in excess as evidenced by the complete 
decolorization of the diazomethane solution. The unreacted benzoic acid 
is determined using 0.2 N alcoholic potassium hydroxide in the presence 
of phenolphthalein. Any diazomethane accidentally given off is neu- 
tralized immediately by acetic acid into atoxic methyl acetate. 


Instrumentation-A gas chromatograph5 was fitted with a nickel 63 
electron-capture detector, an integrator6, and a recorder7. A densitom- 
eters and a reciprocating shakerg also were used. 


TLC-The products obtained by synthesis or contained in pharma- 
ceutical formulations were evaluated on thin layers (250 pm) of silica gel 
60 F ~ 5 4 ~ ,  ascendingly developed with methanol-chloroform (15:85) in a 
saturated atmosphere (13). Each sample was taken up in 0.1% (w/w) 
ethanol, and 5-pl aliquots were spotted. After development to within 10 
cni of the solvent front, the plates were dried and the spots were visualized 
by irradiation of the plates under a UV lamp (254 nm). Under these 
conditions, I, 11, 111, and IV had Rf  values of 0.42, 0.35, 0.29, and 0.47, 
respectively. 


This technique also was used to analyze IV by fluorescence inhibition 
(13). Quantitative determination was carried out by comparison with a 
range of standards chromatographed under the same conditions as the 
samples. Aliquots equivalent to 1.5,3.5,7.5, and 12.5 gg of IV standard 
ethanolic solution likewise were spotted on the plate. A calibration curve 


E. Merck, Darmstadt, West Germany. 
N-MethvbN-tosvl nitrosamide. E. Merck. Darmstadt. West Germanv. 


5 Girdel 3600, Girivions Dorand,'Suresnes, France. 
Icap 50, L.T.T., Suresnes, France. 
Servotrace tvoe PE. Sefram. Paris. France. 
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was obtained by plotting the percentage of fluorescence inhibition versus 
known concentrations of IV in ethanol. Values for unknown concentra- 
tions of IV in samples were calculated from the standard curve. 


GLC Conditions-Analyses were performed using a glass column, 1.1 
m x 2 mm i.d., packed with 3% OV-225 (phenylcyanopropyl) on Chro- 
mosorb W.A.W. (80-100 mesh). The column was conditioned for 24 hr 
a t  260° with a nitrogen flow of 10 ml/min. Gases (nitrogen, compressed 
air, and hydrogen) used for chromatography were purified with filters 
containing 4-1( molecular sieves. The detector and injector temperatures 
were 290 and 250°, respectively. The column was maintained isothermally 
a t  230". Nitrogen was the carrier gas. The flow rates for nitrogen, hy- 
drogen, and compressed air were maintained at 50,20, and 400 ml/min, 
respectively. The pulse interval for the electron-capture detector was 20 
psec. Because of the elevated temperature of the injector, high temper- 
ature septalO were used. 


Assay-Itanoxone is a polar molecule that cannot be analyzed directly 
by GLC with specific columns generally used for organic acids. Com- 
pounds I and I1 were determined by GLC after two derivatizations, in- 
cluding reduction of the ethylenic bond followed by esterification of the 
acid group (17). Reduction was used to obtain a single compound from 
I and its isomer (111) which might form during extraction and chroma- 
tography a t  high temperature (Scheme I). Reduction also avoids the 
formation of a cyclopropane derivative (VI) by the addition of diazo- 
methane to the ethylenic bond (Scheme 11). Quantitation by TLC has 
been used a t  this step for I in pharmaceutical formulations and synthesis 
products. 


Chromatography a t  low concentrations, such as those found in blood 
and urine, required an electron-capture detector for good sensitivity. By 
derivatizing the acid group, polarity was decreased and volatility was 
increased, thus providing increased sensitivity with a shorter analysis 
time. Methyl esters were formed quantitatively and rapidly with the 
diazomethane reagent. 


Sample Preparation-Blood samples were collected routinely in 
heparinized tubes, and plasma was separated by centrifugation. Exactly 
1 ml of plasma was pipetted into a 25-ml glass-stoppered extraction 
tube. 


Plasma samples (1 ml) were spiked with 0.5 ml of the internal standard 
solution (10 pg). Then 1 ml of the buffer solution" (pH 2.2) and 10 ml 
of ethyl acetate were added. The preparation was shaken vigorously for 
1-2 hr, and the layers were separated by centrifugation for 10 min a t  3000 
rpm. Ethyl acetate was transferred quantitatively to another 25-ml ex- 
traction tube and was evaporated to  dryness with a gentle nitrogen 
stream. The residue then was dissolved in 2 ml of dioxane, and the re- 
duction of I was performed as follows. 


T o  the 2 ml of dioxane solution of the residue were added 0.1 ml of 
acetic acid in dioxane (10% w/w) and 2 mg of palladium-on-charcoal 
(10%). Then the solution was mixed with a magnetic stirrer; each cen- 


HC-N 
I t  
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Scheme II 


'" ('hrornseptum red, Chrompark, Middrlhurg. T h e  Nettirrlnnds 
" Consisted of sodium citrate-hydrochloric acid. K Men k .  I)arm,tatlt. N'r-t Joyce LoehlChromoscan. 


9 New Brunswick Scientific, Edison. N.J. Germany. 
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trifuge tube was stoppered and purged with nitrogen, and hydrogen was 
passed through it. Hydrogenation was conducted for 1 hr at 0.25 bar. After 
centrifugation for 10 min at  3000 rpm, the residue was extracted with 2 
ml of dioxane and centrifuged. Dioxane fractions were collected in 10-ml 
conical glass vials, and the solvent was removed under reduced pressure 
(15 mm) at  60°. The residue then was dissolved in an ethereal solution 
of diazomethane until nitrogen bubbles disappeared. This mixture was 
allowed to react completely at  room temperature for 1 hr. After evapo- 
ration12, the residue was dissolved in 2 ml of hexane. Volumes of 1 pl were 
injected into the gas chromatograph. 


Calculations-An integrator was employed for measurement of re- 
tention times and peak areas. Values for unknown concentrations of I 
in plasma were calculated from the internal standard (11) introduced 
before treatment. 


RESULTS AND DISCUSSION 


The TLC method was used for the quantitative determination of the 
reduced compound. TLC does not require expensive instrumentation, 
and the time required to determine the concentration of itanoxone (I) 
in pharmaceutical formulations varies according to the number of sam- 
ples, i.e., -4 hr for six samples. Under these conditions, the minimal 
detectable amount is 0.5 mg/ml. A linear relationship between fluores- 
cence inhibition and concentration is obtained for IV over the O-15-mg/ml 
range. Quantification from a standard curve was adequate. To increase 
precision, the results are expressed on the basis of an average of three 
spots; reproducibility is limited to fl%. 


GLC has an advantage over previously reported methods because of 
its great sensitivity for I. The samples were esterified for GLC measure- 
ments. Under the assay conditions, IV and V methyl esters had retention 
times of 4 and 6 min, respectively (Fig. 1). The lower limit of detection 
sensitivity of I in human plasma extracts is 0.1 pg/ml. This value is based 
on a sample signal equivalent to 10% of the full-scale response. A linear 
relationship between detector response and concentration was obtained 
for I over the 0-20-pglml range. 


Compound I was isomerized to I11 during GLC. The high working 
temperatures favor isomerization. The olefin was reduced to IV to avoid 
differentiation of the two isomers I and I11 and the side reaction with 
diazomethane to form a cyclopropane derivative. A series of samples 
containing known amounts of I was prepared to determine optimal re- 
action times for the formation of IV. 


The results indicated that reduction of I was completed within 60 min, 
using palladium-on-charcoal in dioxane media (Fig. 2). Figure 3 illustrates 
a chromatogram of placebo human plasma extracts. 


Reduction with platinum oxide as a catalyst gave small amounts of the 


1 2 3 4 5 6 7  
RETENTION TIME, min 


Figure 1-Gas-liquid chromato- 
gram (electron-capture detector) 
of human plasma extracts. Key: A, 
I reduced and esterified; and B, II 
reduced and esterified. 


l2 Rotavapor M, type HB 140, Buchi S. A,, Flawil, Switzerland. 
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Figure 2-Effect of reaction time and reducing medium on formation 
of saturated compound. Key: 0, palladium-on-charcoal in dioxane 
media; A, platinum oxide in dioxane-acetic acid; 8,  palladium on 
aluminum oxide in dimethylformarnide; and +, platinum oxide in di- 
methyl formamide-acetic acid media. Beyond 100% reduction, the 
ketonic group is reduced to a secondary alcohol. 


side-products VII and VIII. Reduction of the ketonic group occurred 
mainly with other catalysts such as platinum oxide, with a relative excess 
of catalyst and/or a high hydrogen pressure (Scheme 111). Acetic acid was 
necessary, and up to 30% (w/w) water did not interfere with reduction. 


The derivatives were stable for at least 3 weeks. The choice of I1 as the 
internal standard in the estimation of I was based on similar physico- 
chemical characteristics. Compound 11, the chemical isomer of I, was 
added prior to extraction. Partition coefficients of I and I1 were log P = 
7.65 and 7.77, respectively, indicating equal extraction of both com- 
pounds. 


For recovery experiments, known amounts of I and I1 in ethyl acetate 
were evaporated to dryness in glass-stoppered extraction tubes, and 
plasma was added. The samples were mixed thoroughly and extracted. 
The materials were derivatized and analyzed by GLC. 


Figure 3-Gas-liquid chromato- 
gram (electron-capture detector) 
of placebo human plasma ex- 
tracts. 
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Table I-Accuracy and Reproducibility of GLC Analysis of I 
Added to Human Plasma 


Added, Mean Recovered Recovery, 
Wdml Amount (Range) %a 


0.1 0.101 (0.097-0.103) 101 
0.5 
1 
5 


10 


0.49 (0.480-0.51 j 
1.03 (0.95-1.31) 
4.81 (4.74-5.33) 


10.35 19.84-10.72) 


98 ~~ 


103 
96.2 


103.5 
15 15.50 (14.68-15.96) 104 


Mean f SD = 100.95 f 2.92; number of analyses = 4. 


The results (Table I) show the accuracy and reproducibility of the GLC 
analysis of I in clinical samples. The response factor was calculated using 
the ratio of peak areas for similar concentrations of I and I1 (1.22 f 0.12). 
The method has been used in laboratories to determine the amount of 
I in rat blood compared with radioisotopic methods (18,19). It also has 
been used for the determination of I in plasma and urine of humans and 
in pharmacokinetic studies (18). 


Recently, a simple and fast high-performance liquid chromatographic 
method (20) was developed in which derivatization was not necessary. 
However, the sensitivity was not as good as that using GLC electron- 
capture detection. 
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Abstract 0 Two series of anilinomethanesulfonate derivatives, the 
anilinium and p-toluidinium anilinomethanesulfonates, were synthe- 
sized. They present interesting spectroscopic features and can be used 
as characteristic derivatives of the parent compounds. These series allow 
the easy study of the N-H stretching frequencies of the secondary amine 
whereas difficulties are encountered with the parent compounds due to 
the occurrence of 0-H stretching bands in the same frequency range. All 
three compounds present a common fragmentation pattern in mass 
spectral analysis. Through these analyses, the salt structure of the ani- 
linium anilinomethanesulfonates is demonstrated in opposition to a 
sulfonamide structure, giving further support to the salt structure of other 
series previously reported. 


Keyphrases 0 Anilinomethanesulfonates, derivatives-synthesis and 
structure elucidation by elemental, IR, and mass spectral analyses Mass 
spectrometry-analysis, anilinomethanesulfonate derivatives, synthesis 
and structure elucidation o IR spectroscopy-analysis, anilino- 
methanesulfonate derivatives, synthesis and structure elucidation 


Methanesulfonation of the amine groups of pharmaco- 
logically active drugs is used to increase their solubility (1) 
and to control their hydrolysis in biological media (2). 
Some common examples are p -phenetidinomethanesul- 


fonatel, dihydroergotamine2, and dipyrone3. On the other 
hand, some researchers have studied aminomethanesul- 
fonic compounds as potential antiviral (3) or carcinogenic 
agents (4, 5) since their structures are analogous to the 
carboxylic amino acids. As part of research into the prop- 
erties of aminomethanesulfonates, the kinetics of forma- 
tion of substituted anilinomethanesulfonates were studied 
recently (6). The inherent difficulties of analyzing IR 
spectra of substituted aromatic aminomethanesulfonates 
with regard to the 0-H stretching bands also were dis- 
cussed (7). 


Little work has been reported concerning the analysis 
of the anilinomethanesulfonates, their chemical structure, 
and the different products that form, depending on the 
synthetic method. To find appropriate methods of analysis 
and identification of these products, a new series of de- 
rivatives was prepared by the reaction of equimolar 


1 Nevralteine. 
Diergotan, dihydergot, ergotex. 
Conmel, novalgin, sulpyrin. 
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Figure 6-Comparison of sink versus nonsink conditions at long 
times. 


DISCUSSION 


Figure 2 shows the release profile generated using the full solution given 
by Eq. 14. The figure also shows Eqs. 16 and 18, the two approximations. 
It is apparent that Eq. 16 is correct up to values of T - 0.5; from this time 
onwards, Eq. 18 is applicable. 


No unique mathematical expression is obtainable to describe the 
nonsink conditions. Therefore, concentration is focused on long and short 
time approximations because i t  is not possible to predict accurately the 
release profile for T values approximating to unity. Figure 3 shows the 
short time approximation given by Eq. 26 for Q = 1. The curve generated 
shows a smooth release pattern not unlike that given by the more simple 
t1I2 approximation applicable to sink conditions. However, there are slight 
differences as T increases, as shown in Fig. 3. This result would be ex- 
pected at  short periods of time since there is no appreciable concentration 
buildup in the receptor phase. 


The long time approximation, given by Eq. 28, is plotted in Fig. 4. The 
variation with Q is indicated, and a series of simple first-order curves is 
obtained. The curves approach the limit, as T - m,  of (1 + Q)- l ,  as 
predicted by Eq. 28. When Q < 1, the nonsink limit approaches the long 
time limit for sink conditions, as expected. This situation corresponds 
to the experimental conditions of a large receptor volume or large parti- 


tion coefficient. 
Figure 5 compares sink and nonsink conditions a t  short times for Q 


= 1. At extremely short times, the ratio is unity, as expected. However, 
as T increases, the deviation from unity becomes more marked and the 
effect of nonsink conditiohs becomes apparent. As expected, this general 
deviation is more pronounced at  long times (Fig. 6) and is most noticeable 
for large values of Q corresponding to small values of the volume of the 
receptor phase and low partition coefficient. 
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Abstract The analytical and spectroscopic characteristics of itanoxone 
were determined. These data can be used to identify or assay this new 
drug. 


Keyphrases fl Itanoxone-physicochemical and analytical character- 
istics of itanoxone Spectroscopy-itanoxone, physicochemical and 
analytical characteristics fl Hyperlipidemic agents-itanoxone, physi- 
cochemical and analytical characteristics Hyperuricemic agents- 
itanoxone, physicochemical and analytical characteristics 


Itanoxone is the internationally designated name (1) for 
4- [4’-( 2-~hlorophenyl)phenyl] -4-0x0-2-methylenebutanoic 
acid (I). This compound has pharmacological and clinical 
properties (2) suitable for the treatment of hyperlipidemia 
(3-5) and hyperuricemia (6). Theoretical impurities of I 
(7) and an industrial purification process (8) were studied 
previously. This paper considers some physical and 
physicochemical properties of I. 


n 


I 
Scheme I 


EXPERIMENTAL 


Synthesis-Itanoxone (I) was synthetized by the Friedel-Crafts re- 
action between itaconic anhydride and 2-~hlorobiphenyl(9,10) (Scheme 
I). 
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Table I-Dissociation Constants in Water-Dioxane Mixtures 


F i - C H = C - C W H  I 


\ 0 c1 


I1 


Apparatus-A GLC chromatograph' was equipped with a glass 3 m 
X 4-mm i.d. column, packed with 10% (w/w) Carbowax 20 M on Chro- 
mosorb W.A.W. (60-80 mesh). The carrier gas was nitrogen at 50 ml/min, 
the column temperature was 130°, and the injection detector temperature 
was 200". Potentiometric measurements were made with a titration de- 
vice2 fitted with a combined electrode3. Melting points were determined 
on a hot stage4 and were not corrected. 


PMR spectra were recorded at  40" on a spectrometer5 using solutions 
in dimethyl sulfoxide-d6 containing tetramethylsilane as the internal 
standard. IR spectra were measured on a spectrophotometer6 using po- 
tassium bromide pellets a t  -1% (w/w) concentration. A mass spectrom- 
eter7 with the probe a t  160" and an ionizing voltage of 70 ev, was used. 


Identification and Assay of Impurities-Secondary products of I 
were described previously (7), but that  report did not include tests and 
detection limits for impurities. The solvents used in the reaction and 
during recrystallization were determined by GLC. Traces of aluminum 
from the aluminum chloride catalyst were identified by emission spec- 
trographys (low voltage alternating arc, carbon electrodes) (11). 


Determination of pKa-The pKa values were determined by po- 
tentiometric titration using a glass electrode. A water-jacketed beaker 
connected to a circulating water bath maintained the temperature of the 
titrating vessel a t  25". Stirring was accomplished by introducing a slow 
nitrogen stream under the surface of the solution to  he titrated. 


The titrant of carbonate-free potassium hydroxide (0.100 N KOH) was 
delivered from a micrometer syringe; for each addition of titrant, the pH 
was measured and the pKa was determined from the half-neutralization 
point. 


Solubility Conditions-The solubilities, expressed in percentage 
(weight/volume), were determined as follows. The solvent and solute were 
placed in 50-ml test tubes with a suitable amount of undissolved I. The 
tubes were stoppered and shaken for 1 hr at  25 f 1" to avoid isomerization 
of I into I1 (7). The tubes were then centrifugated, and the liquid was 
filtered through a sintered-glass funnel. The clear liquid was diluted and 
spectrophotometrically9 assayed for I. 


Parti t ion Coefficients-Itanoxone was partitioned between buffer 
solutions saturated with organic solvents and organic solvent saturated 
with buffer solutions. Usually 50 ml of buffer solution containing a known 
amount of solute was shaken with an equal volume of organic solvent. The 
sample was maintained a t  25 f 1" and mechanicallylo shaken for 1.5 hr 
until equilibrium was obtained (12,13). After stirring, the two phases were 
separated by centrifugation a t  3000 rpm for 30 min. The amount of I in 
the water layer was determined spectrophotometrically. 


RESULTS AND DISCUSSION 


Assay of Impurities-Methylene chloride reaction solvent and di- 
methylformamide recrystallization solvent had retention times of 1.5 and 
3.5 min, respectively. Under these conditions, solvent amounts of <0.05% 
(w/w) were detected in itanoxone (I). The most sensitive rays charac- 
teristic of aluminum (11) were not observed in the spectrum of I. The 
lower limit of detection sensitivity of metal in I is 0.02 pg. 


Melting Points-Itanoxone occurs as a white crystalline powder in 
the monoclinic system (14) with an instantaneous melting point of 212 
f 1". It is overlapped by the standard melting points of saccharin and 
dicyanodiamide. 


Determination of pKa-In view of the low solubility of I in water, 
the pKa value was determined at  25" by extrapolation from a series of 


1 Girdel 3000, Giravions Dorand, Suresnes, France. 
2 Mettler Instruments, Greifensee, Zurich, Switzerland. 
3 Tacussel TCBG II/HS, Solea, Villeurbanne, France. 


5 Model R-24B, Hitachi Perkin-Elmer, Hitachi Ltd., Tokyo, Japan. 
Kofler, C. Reichert AG, Wein XVII, Austria. 


Model 177, Perkin-Elmer Ltd., Beaconsfield, Buckinghamshire, England. 
Ribermag R-10-lOB, Nermag S. A,, Rueil-Malmaison, France. 
Model E-478, Hilger spectrograph. 
Model DK-PA, Beckman Instruments, GMBH, Munchen 45, West Ger- 


many. 
lo New Brunswick Scientific Co., Edison, N.J. 


0.6 2.49 4.60 6.68 2.08 
0.8 2.92 5.50 7.55 2.05 
0.9 3.26 6.40 8.38 1.98 


The pKa of salicylic acid. The pKa of itanoxone. 


dissociation constants in water-dioxane mixtures evaluated by poten- 
tiometry. The results are expressed by introducing an experimental pa- 
rameter, g(S), which is characteristic of each solvent (15). This quantity 
takes care of all types of solvent-solute interactions, such as hydrogen 
bonding and structural effects, and its measurement gives the magnitude 
of solvent effects on acid-base reactions. Measurement of the dissociation 
constant of itanoxone, s K ~ ,  and of salicylic acid, SK,ef, used as the 
standard compound in each S medium indicates that the difference be- 
tween both pKa values is a linear function of g(S)  according to the for- 
mula: 


P'&I - PsKaref = a + & ( S )  (Eq. 1) 


in which (Y and /3 are constants dependent only on I. Itanoxone transfer 
between water and dioxane may be expressed by: 


Sat (I) - log sat (1) (Eq. 2) IOgw.aterTdioxane(I) = log Cwater 


where Czk'(I) and C$yme(I) are the solubilities (weight/volume) of I in 
water-dioxane. Thus, logwaterTdioxane (I) is proportional to the solvent 
variable g(S):  


logwaterTdioxane(1) = f(1) x g(S)  (Eq. 3) 


where f(1) is a constant characteristic of I. The measurement of solubility 
of I in water-dioxane enables the calculation of values proportional to 
the solvent variable g(S). The agreed convention is then expressed as: 


g ( ~ )  = -logwaterTdioxane(I) (Eq. 4) 


For eachg(S) calculation, the relative water and dioxane contents of the 
medium must be considered. 


Extrapolation to pure water gives g(S)  = 0. Any g(S)  is given by: 


g(S)  = -logwaterTdiOxa"e(I) = -log a(0.019)/b(3.9) (Eq. 5) 


where a and b represent the water and dioxane contents, respectively. 
The values of g(S) for different percentage volumes of dioxane and the 


pKa values of salicylic acid (the reference compound) are shown in Table 


0 0.50 1.0 1.5 2.0 2.5 3.0 3.5 
g!S) 


Figure 1-Determination of pKa of itanoxone by extrapolation. The 
solid linegives the difference between pKa1 and pKa,,.determined on 
the same water-dioxane media versus g(S) (pKa1 = pKa,,, +2.3 = 3.0 + 2.3 = 5.30). 
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Scheme IZ-Fragmentation mechanism. 


I. The difference between the two pKa values is a linear function of g(S). 
The determination of the pKa of I in water by extrapolation of mea- 
surements made on water-dioxane mixtures is plotted uersus g(S)  de- 
termined for each water-dioxane system (Fig. 1). The pKa of salicylic 
acid determined in water is 3.0. The pKa of I determined in water-di- 
oxane with extrapolation of the results to zero dioxane concentration is 
3.0 + 2.3 = 5.30. 


Solubility-The maximum values are expressed in Table I1 as per- 
centage (weightholume). This technique cannot be used for ketonic 
solvents having absorptions in the same range. 


Partition Coefficients-The I concentration was determined in the 
aqueous phase by UV spectroscopy at  265 nm. The apparent partition 
coefficient is calculated by the formula: 


(Eq. 6) 
c<,ctano1 - (Cl - C2) x a Apparent partition coefficient = - - 
Cbuffer CZ X b 


where CI and Cz are the I concentrations (weightholume) in the aqueous 
phase before and after equilibration, respectively, and a and b are the 
volumes of the aqueous and octanol phases, respectively. By working at  
a fixed pH and knowing the pKa for I, the partition coefficient can he 
determined using: 


Table 11-Solubilities a t  20°, Percent (weight/volume) 


Solubility, 
Solvent gh00 ml 


n -Hexane 0.00025 
Water 0.019 
Chloroform 0.15 
Ether 0.17 
Acetonitrile 0.20 
Ethyl acetate 0.24 
Methanol 0.39 
Ethanol 0.50 
n-Octanol 0.75 
Dioxane 3.9 
Tetrahydrofuran 4.34 
Dimethylformamide 28.5 
Dimethyl sulfoxide 38.4 


Partition coefficient = Coctanol (Eq. 7) 
Cbuffer (1 - a )  


where a is the degree of ionization. Details are given in Table 111. 
For a good extraction yield of I from biological media such as blood and 


urine, it is imperative to use an acidic pH. Under these conditions, 98% 
of the drug is extracted from the aqueous phase during the first extrac- 
tion. Ethyl acetate is recommended to reduce emulsion effects. 


The TLC procedure reported previously (7) was used to demonstrate 
that I did not isomerize during the 1-1.5 hr needed to determine solubility 
or partition coefficients. In the media used to determine solubilities and 
partition coefficients, traces of I1 were detected after the 2nd hr of TLC. 
The amount of I1 ranged from 0.1 to 0.3%, depending on the solvent. 
Isomerization continued, hut the lack of I1 in the first 2 hr confirmed the 
validity of solubility and partition data. 


IR Spectroscopy-The IR spectrum revealed characteristic bands 
(16) that agreed with the suggested structure: 3000-3080 (aromatic and 
ethylenic CH), 2910 (aliphatic CH), 1690 (C=O acid), 1675 (C=O con- 
jugated ketone), and 1630 (ethylenic C=C) cm-’ (Fig. 2). 


UV Spectroscopy-The spectrum was obtained in ethanolic solution 
using 1-cm quartz cells, A,,, 265 (c 18,350 f 30) nm. 


PMR Spectroscopy-Assignments (17) were: 6 4.1 (s, 2H, COCHz), 
5.75 (d, lH,  J = 1.2 Hz, trans-HC=CCOOH), 6.3 (d, lH ,  J = 1.2 Hz, 
cis-HC=CCOOH), 7.3-7.7 (m, 6H, aromatic protons), 8.05 (d, 2H, J = 
8 Hz, aromatic protons ortho to C=0), and 11-13.5 (s, lH ,  COOH) ppm. 


Table 111-Itanoxone Parti t ion Coefficients between n-Octanol 
a n d  Buffered Solutions 


Apparent 
Buffer Partition Partition 


Solution Coefficient“ Coefficient Log P 


pH l o b  2.12 2120 7.66 (0.021) 


DH 2.2d 2098 2100 7.65 (0.0431 
pH 7.4c 16.6 2075 7.64 (0.020) 


All determinations were done in triplicate, and the average value for log P was 
Ammonium 


Potassium chloride buffer 
determined. Values in parentheses indicate standard deviations. 
chloride buffer (0.05 M ) .  
(0.05M). 


Phosphate buffer (0.05 M ) .  
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Figure 2-IR spectrum of itanoxone 


The exchangeable acid proton appeared faintly in dimethyl sulfoxide-ds, 
but a very marked singlet was obtained in pyridine-ds at  9.9 ppm. 


Mass Spectroscopy-The molecular peak was observed a t  m/z 300, 
corresponding to  the molecular mass of the product. The most charac- 
teristic fragments of I gave a series of peaks at  m h  302,300,277,255,217, 
215, 152, and 76. The peak at  mlz  302 corresponded to the chlorine 37 
isotope. The isotopic peaks at  p + 2 were also observed in the various 
fragments containing chlorine. 


Fragmentation is shown in Scheme 11. The ClzHs ion ( m / z  152) (18, 
19) was followed by the series of ions at  m/z 151,150,126,76,75,74, and 
63. The relative intensities of these ions in the spectrum of I were very 
close to  those in the Cornu-Massot catalog (20) for diphenylene and 
acenaphthene. This result indicates that the ion obtained after the re- 
moval of C=O and the chlorine atom rearranges to give a radical ion with 
a structure close to diphenylene or acenaphthene. 
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Abstract 0 This study was designed to determine the effect of a clinically 
used surfactant, docusate sodium, on the release of chlorpheniramine 
from a controlled-release dosage form (encapsulated coated pellets). I n  
uiuo treatments consisted of the controlled-release capsule alone or with 
200 mg of docusate sodium. Plasma chlorpheniramine levels were de- 
termined, and the AUC was calculated. No significant difference in AUC 
values was observed between the two treatments. At  a concentration 
below the CMC, docusate sodium enhanced the in uitro drug release rate. 
The surfactant exerted a greater effect on the release of the first one-third 
of the drug contained in nonwax-coated pellets. At the CMC, 0.02% (w/v), 
docusate sodium rapidly entrapped chlorpheniramine in micelles. The 
overall enhanced dissolution rate in uiuo may have been offset by micellar 
drug entrapment. 


Keyphrases 0 Docusate sodium-effect on drug release from a con- 
trolled-release dosage form 0 Controlled-release formulations-effect 
of docusate sodium on drug release 0 Surfactants-effect on drug release 
of controlled-release dosage forms 


Most long-acting oral dosage forms utilize a physical 
barrier to decrease the rate of drug release into the GI tract. 
The wax coating on the pellets of a controlled-release 
capsule serves as this barrier (1). 


Disintegration of the wax coat is thought to be controlled 
by the penetration of moisture through pores (2). The pH 
of the medium reportedly does not affect disintegration 
(3) although surface tension is thought to be important. 
The surface tension of intestinal fluid is less than gastric 
fluid due to bile salts in the intestines. This lowered surface 
tension may lead to the release of more drug into the in- 
testinal fluids (2). The effect of lowered surface tension in 
the GI tract on the release of drug from wax-coated pellets 
has not been reported. 


BACKGROUND 


Numerous studies have been performed to determine the effect of 
surfactants on drug absorption, mainly with surfactants that promote 
oral absorption of a poorly absorbed drug. The exact mechanism by which 
docusate sodium and other surfactants enhance drug absorption is un- 
known. The most popular theory has been that surfactants directly alter 
membrane permeability of the GI tract (4-14). Although the mechanism 
of this “hyperabsorptive state” is unknown, most investigators believe 
that the surfactant disrupts the integrity of the epithelial membrane in 
a reversible fashion (4-11). The removal of proteins (12, 13) and phos- 
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Interspecies Difference in Drug Protein 
Binding-Temperature and Protein Concentration 
Dependency: Effect on Calculation of Effective 
Protein Fraction 
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Abstract  The effects of temperature and protein concentration on 
the binding of thiopental to bovine and rat serum albumin and to rat 
plasma were examined using flow and equilibrium dialysis techniques. 
The effects of temperature and protein concentration were peculiar to 
each species. The binding of thiopental to rat  serum albumin or rat 
plasma was sensitive to temperatures between 4 and 37", whereas the 
binding to bovine serum albumin was sensitive to a protein concentration 
difference of 0.1-4.44%. Therefore, the effective protein fraction is af- 
fected by various sets of binding parameters of albumins determined 
under various temperatures and protein concentrations. Thus, a semi- 
predictive method for plasma or tissue binding may be unsuccessful 
unless proper binding parameters are used. 


Keyphrases Thiopental-effects of temperature and protein con- 
centration on plasma and tissue binding, interspecies differences Ef- 
fective protein fraction-effects of temperature and protein concentra- 
tion, interspecies differences Drug protein binding-effects of tem- 
perature and protein concentration, interspecies differences Dialy- 
sis-equilibrium and flow techniques, effects of temperature and protein 
concentration on plasma and tissue binding, interspecies differences 


Drug protein binding has an important role in drug 
distribution, disposition, and excretion. Numerous reports 
have dealt with drug protein binding under various con- 
ditions of drug level, protein concentration, and temper- 
ature. Some authors (1-3) adopted experimental condi- 
tions different from physiological ones, such as a lower 
temperature or lower plasma protein concentration. In 
addition, they discussed in vivo situations based on the 
inadequate experimental data obtained in this way. 


BACKGROUND 


Recently, important critical information on these points was reported 
(4-6). Shen and Gibaldi (6) provided significant criticism on a previous 
report (7) that dealt with the application of in uitro drug protein binding 
data to the prediction of an in uiuo situation utilizing a physiologically 
based pharmacokinetic model. T o  construct a physiologically based 
pharmacokinetic model, both tissue and plasma protein binding are 
important. However, tissue and organs are not as accessible as plasma 
for the determination of drug protein binding. 


Dedrick and Bischoff (7) proposed the concept of the effective protein 
fraction to depict tissue binding, taking into consideration that little 
information was available on the binding of barbiturates to tissues. They 
calculated effective protein fractions based on the binding data of various 
rabbit organ homogenates a t  an initial drug concentration of 0.5 mM 
using the binding parameters (8) of 1% bovine serum albumin for bar- 
biturates. However, Shen and Gibaldi (6) concluded that the use of the 
effective protein fraction in developing pharmacokinetic models for drug 
distribution might not be feasible for the following reasons: 


1. Binding parameters were assumed to be constant over the concen- 
tration range of both bovine serum albumin and rabbit organ homoge- 
nate. 


2. Interspecies differences were not considered. 
Nevertheless, since the concept of the effective protein fraction is useful 


for the prediction of drug distribution in tissues where there is a shortage 
of information on tissue binding, the effects of protein concentration and 
temperature on drug protein binding were studied here using bovine and 


rat  serum albumin and rat  plasma. By considering these effects and in- 
terspecies differences, a semipredictive method for plasma protein or 
tissue binding was tested by measuring binding levels in plasma or a 
homogenized tissue sample. 


Thiopental, which was studied previously (6, 7), was chosen as the 
model drug for the present study. Flow dialysis was used to assess protein 
binding of thiopental to bovine and rat serum albumin and rat plasma, 
while equilibrium dialysis was used for the rat plasma and homogenized 
rat  tissue samples. 


EXPERIMENTAL 


Chemicals-Rat serum albumin' and bovine serum albumin2 were 
Fraction V powder. Stock albumin solutions were prepared by dissolving 
serum albumin powder in 0.05 M tromethamine buffer (I) adjusted to 
pH 7.4 with hydrochloric acid. Thiopental sodium3 was prepared fresh 
daily. 


Quantitation of Thiopental-Standards were carried through the 
entire procedure. A previous method (9) was used with slight modification 
(i.e., dual-wavelength measurement4 and n-heptane were employed). 
The recoveries from extraction were >90% and linear within the con- 
centration range used. 


R a t  Plasma and  Tissue Sample-Plasma was obtained by centri- 
fuging, 30 min after intravenous injection of heparin, the fresh blood of 
a male Wistar rat (25C300 g) fed a normal laboratory diet. After the body 
was perfused with cold saline, the muscle was excised, rinsed in ice-cold 
saline, blotted, weighed, cut into small pieces, and homogenized by a 
motor-driven polytef glass homogenizer in 0.05 M I to yield 25% (wh)  
homogenate. Rat plasma and homogenized muscle sample were predia- 
lyzed through cellulose dialysis tubing against 100 volumes of I a t  pH 7.4 
for 18-24 hr a t  4' with stirring. Little volume change was found during 
predialysis. 


Dialysis-Flow dialysis of serum albumin solutions and rat plasma 
were carried out according to a reported method (10) using I a t  pH 7.4. 
Flow rates of I were 25 m l h r  a t  37O and 12 m l h r  a t  4O, respectively. 
Thiopental permeability through cellulose dialysis membrane remained 
almost constant before and after each experiment, which was checked 
by carrying out dialysis using I at pH 7.4 instead of protein solution. 


Equilibrium dialyses of rat plasma and homogenized rat tissue samples 
were carried out according to the method of Sugiyama et  al. (11) using 
I a t  pH 7.4. Equilibrium was established by 12 hr of dialysis a t  37" and 
by 24 hr of dialysis at 4O, respectively. Equilibrium dialyses of homoge- 
nized tissue were carried out only a t  4". 


Data Analysis-Results from binding experiments presented in Figs. 
1-4 were subjected to curve fitting to Eq. 1 by a digital computer program 
( 12): 


(Eq. 1) 


where k l  and k2 are the association constants corresponding to nl and 
n2, the number of primary and secondary binding sites; C, is the free drug 
concentration, and r is the molar ratio of the bound drug to the binding 
protein assuming a molecular weight of 69,000. Results from binding 
experiments presented in Figs. 5 and 6 were subjected to curve fitting to 
Eq. 2 by means of a digital computer program (12). Data were weighted 
with the reciprocals of their variance: 


1 Pentex. 
2 Armour Pharmaceutical Co., Phoenix, Az. 
3 Tanabe, Tokyo, Japan. 


Hitachi 356 UV spectrometer. 
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Figure 1-Effect of temperature on thiopental binding to 1% (wlv) 
bovine serum albumin in 0.05 M tromethamine buffer at pH 7.4 by flow 
dialysis [4" (a) and 37O (O)].  Eachpoint represents the mean of three 
experiments. The smooth curves at 37O (- - -) and 4' (-) are the best 
fit to these data using the predetermined values for the number of sites 
nl = 1.0 and nz = 83.4. 


30 


f 2 0 -  
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where ( P )  is the protein concentration and c b  is the bound drug con- 
centration in plasma or tissue homogenates. Value nl (P)  or nz(P) is 
presumed to be the composite parameter. 


The nl and n2 values obtained from experiments using each protein 
source at various protein concentrations and temperatures were averaged 
and constrained, and revised sets of kl and k z  values were derived cor- 
responding to the constrained average R1 and Ti2 values according to a 
previous report (5). 


. 


RESULTS 


Comparison of Two Dialysis Methods-Figure 5 displays, in the 
form of a Scatchard plot, the binding of thiopental to rat plasma at  4" 
assessed by flow and equilibrium dialyses. A t  low thiopental concentra- 
tions, there was a slight difference in binding, probably due to the sen- 
sitivity limit of the analytical technique, especially in the flow dialysis 
experiment. (Flow dialysis was employed mainly for the advantages of 
reduced incubation time and smaller volume of protein sample compared 
to equilibrium dialysis.) 


Thiopental Binding to Bovine Serum Albumin-The effects of 
temperature and protein concentration on thiopental binding to bovine 
serum albumin were examined. As shown in Fig. 1, there was little, if any, 
temperature dependency of thiopental binding to 1% (wlv) bovine serum 
albumin between 4 and 37", especially a t  low thiopental concentrations. 
Thiopental binding to 1 and 4% (wlv) bovine serum albumin at 37" is 
shown in Fig. 2. A t  low thiopental concentrations, there was a protein 
concentration dependency of thiopental binding to bovine serum albu- 
min. In addition, thiopental binding to a range of bovine serum albumin 
at  an initial thiopental concentration of 1 mM was examined (Fig. 2, 
inset). This relationship resembles that presented previously (6). Thus, 
it seems that bovine serum albumin is sensitive to albumin concentration 
and practically insensitive to temperatures between 4 and 37". 


Thiopental Binding to  Rat Plasma-Figure 6 presents the data on 


Table I-Thiopental Binding to Rat  Serum Albumin and Bovine 
Serum Albumin 


Serum 
Albumin Tempera- 


Concentration ture k 1" kza nlb nZb 


Rat 
1% (WIV) 4" 40.9 1.31 l . O c  8.OC 
1% (WIV) 37" 19.4 0.806 l . O c  8.OC 
4% (W/V) 37" 20.1 0.990 1.0' 8.OC 


1% (WIV) 4" 5.84 0.068 l . O c  83.4d 
1% (WIV) 37" 6.31 0.0654 1.OC 83.4d 
4% (WIV) 37 1.62 0.636 1.0 11.6 


Bovine 


Association constant (X103 A4-l). * The number of binding sites. Predeter- 
mined and constrained (see text). 


thiopental binding to undiluted rat plasma at  4 and 37". Figure 7 repre- 
sents thiopental binding to undiluted rat plasma and 50 and 25% (vlv) 
diluted rat plasma at 37". These data imply that the characteristics of 
thiopental binding to rat plasma are contrary to those of bovine serum 
albumin, i .e.,  very sensitive to temperatures between 4 and 37' and 
practically insensitive to protein concentration within at least a fourfold 
dilution of rat plasma. 


Thiopental Binding to Rat  Serum Albumin-Thiopental binding 
to 1 and 4% (wlv) rat serum albumin and to 1% (w/v) rat serum albumin 
at  4 and 37" is shown in Figs. 3 and 4, respectively. These data suggest 
similar binding characteristics of rat serum albumin to those of rat 
plasma, i.e., sensitive to temperatures between 4 and 37" and practically 
insensitive to protein concentrations between 1 and 4% (wlv). 
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Figure 2-Effect of protein concentration on thiopental binding to 
bovine serum albumin in 0.05 M tromethamine buffer at pH 7.4 and 37" 
by flow dialysis [1% w / v  (0) and 4 %  wlv ( e l l .  Each point represents 
the mean of three experiments. The data points and the smooth curve 
for 1% (w/v) bovine serum albumin are the same as those in Fig. 1.  The 
smooth curve for 4% (w/v) bovine serum albumin (-) is the best f i t  to 
these data. [Inset: Scatchard plot for the binding of a single thiopental 
concentration (1 mM) to a bovine serum albumin concentration range 
in 0.05 M tromethamine buffer at pH 7.4 and 37" by flow dialysis. Each 
data point represents the mean of two experiments. Key: 0,0.1% (wfv); 
A, 0.5% ( W I D ) ;  v, 1.74% (w/v); and 0 ,4 .44% (wlv)]. 
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Figure 3-Effect of protein concentration on thiopental binding to rat 
serum albumin at 37" in 0.05 M tromethamine buffer at p H  7.4 [1% w/u 
(0) and 4% wlv (.)I. Each point represents the  mean of three exper- 
iments. The  smooth curves are the  best fit to these data using the pre- 
determined values for  the  number of sites nl = 1.0 and np = 8.0. Flow 
dialysis was used. 


Binding Parameters-For the binding parameters of thiopental 
binding to rat serum albumin of 1% (w/v) a t  4 and 37' and of 4% (wlv) 
at 37O, n1 and np values first were calculated without constraint and then 
averaged (El = 1.0 f 0.221 and i i p  = 8.0 f 3.52). Then a revised set of k l  
and kp values was derived for each experiment corresponding to the 
constrained K1 and i i p  values. In this way, the values for the number of 
binding sites were predetermined and constrained. The binding data for 
thiopental to rat plasma were analyzed in the same manner as for rat 
serum albumin [iil(P) = 0.136 f 0.0251 and i i ~ ( P )  = 2.42 f 1.12 (mM)]. 
However, for bovine serum albumin, because of protein concentration- 
dependent binding, the constrained average El and T i p  values were not 
proper for deriving revised sets of k l  and kp values since the residual sum 


40 c 
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Figure 4-Effect of temperature on  thiopental binding to 1 % (w/v) rat 
serum albumin in  0.05 M tromethamine buffer at p H  7.4 by flow dialysis 
[ 4 O  (e) and 3 7 O  (o)]. Each point represents the  mean of three exper- 
iments. The  smooth curves are the  best f i t  using the predetermined 
uatues for the number of sites nl = 1.0 and n2 = 8.0. Flow dialysis was 
used. 
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Figure 6-Effect of temperature on thiopental binding to rat plasma 
by flow dialysis [4' (e) and 37' (O)]. Each point represents the mean 
of three experiments. The  smooth curves are the best f i t  to these data 
using the predetermined values for the  number of sites [nl(P) = 0.136 
and nz(P) = 2.42 (mM)]. T h e  smooth curve and the  data points for rat 
plasma at 4' are the same as  those in Fig. 5. 
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Table 11-Thiopental Binding to Rat  Plasma a 


Temperature Dialysis hb k2b 


. 0" 
8 0 The bindin capacity redetermined and constrained (see text), was nl(P) = 


0.136 and nz(Pf= 2.42 (I&) in ' all cases. * Association constant (XlO3M-1). 
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Figure 7-Scatchard plots for the  binding of thiopental to rat plasma 
at 3 7 O  by flow dialysis. Key: 0 ,25% (vlu); A, 50% (vlu); and 0,  undi- 
luted. Diluted rat plasma was prepared by adding 0.05 M tromethamine 
buffer at p H  7.4. Dilution factors of 2 for50% (vlv) and 4 for 25% ( u h )  
rat plasma were corrected respectively. Each point represents the mean 
of three experiments. 


and then revised sets of k l  and k z  values were derived corresponding to 
the constrained average 51 and Rz values. 


For the binding data for thiopental to bovine serum albumin of 4% 
(wlv) at 37O, nl was assigned a value of 1.0, obtained from the data 
analysis of the other two experimental results of bovine serum albumin. 
Then a revised set of nz, 121, and kz values was derived corresponding to 
the constrained nl value since nl became negative without constraining. 
The residual sum of squares was not significantly larger than the residual 
sum of squares in the other cases. The results are summarized in Tables 
I and 11. 


Prediction of Tissue Binding Utilizing Binding Parameters of 
Serum Albumin-Dedrick and Bischoff (7) proposed the concept of 
effective protein fraction using the binding parameters of 1% bovine 
serum albumin and the bound fraction of rabbit organ homogenates a t  
an initial drug concentration of 0.5 mM previously reported (8). In the 
absence of additional information, Dedrick and Bischoff (7) combined 
these data to express thiopental content in various tissues as: 


Ct = (1 - f JCf  -I- f p X  (Eq. 3) 


\ 


', 


37O Flow 32.8 0.686 
40 Flow 320.6 1.57 
4 O  Equilibrium 173.3 1.65 


\ 


......... 
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THIOPENTAL CONCENTRATION IN RAT PLASMA, 1 0 - 3  M 


Figure 8-Total thiopental concentration in rat plasma versus effective 
protein fractions (fp) calculated according to Eq. 3 using the binding 
parameters of 4% (wlv) rat serum albumin at 37' (-), I % (wlv) rat 
serum albumin at 4' (- - -), 4 %  (wlv) bovine serum albumin at 37" 
(- - - -), and 1 R (wlv) bovine serum albumin a t  37" (- -). 


where Ct is the total drug Concentration [assumed to be present initially 
in rabbit organ homogenate, i.e., 0.5 mM (7)], C/ is the free drug con- 
centration, X is the bound drug concentration described using the 
binding parameters of 1% bovine serum albumin in the form of Eq. 1, and 
f p  is a dimensionless parameter of the effective protein fraction. 


Thus, the values of the effective protein fraction for tissues were cal- 
culated at an initial drug concentration of 0.5 mM, but the assumption 
(7) that the values of the effective protein fraction were constant a t  all 
drug concentrations has not been proved. In the present study, compa- 
rable precise information on plasma and tissue binding were available, 
so the relationship between the effective protein fraction and the drug 
concentration was investigated. Figure 8 displays the f p  values calculated 
according to Eq. 3 at various thiopental concentrations in rat plasma. The 
f p  values based on the binding parameters of other than 4% (wlv) rat 
serum albumin a t  37O proved to be dependent on thiopental concentra- 
tions in rat plasma. In particular, the binding parameters of bovine serum 
albumin gave decreasing f p  values with increasing thiopental concen- 
trations in rat plasma. Hence, a f p  value calculated at one thiopental 
concentration in rat plasma could not readily be extrapolated to another. 
However, since the concept of the effective protein fraction is useful only 
when little information is available, the predicted thiopental binding to 
rat plasma or tissue homogenate based on a single f p  value and on the 
binding parameters of serum albumin was compared with the observed 
data. 


Figure 9 shows the simulation curves calculated according to Eq. 3 
using the f p  values at thiopental concentrations of 0.160 mh4 in rat plasma 
(A) and 0.391 mM in muscle homogenate (B). As can be expected from 
the results shown in Fig. 8, the simulated curves based on the binding 
parameters other than 4% rat serum albumin at 37' diverted slightly from 
the observed data (Fig. 9A). In Fig. 9B, the simulated curves based on 
the binding parameters of bovine serum albumin rather than of rat serum 
albumin seem to give better prediction for rat muscle homogenate thio- 
pental binding. However, a t  low thiopental concentrations (those of 
pharmacological interest), a single f p  value can give good prediction with 
both serum albumins. Therefore, the effective protein fraction should 
be calculated from the bound fraction of plasma or tissue homogenate 
samples measured within a drug concentration range (especially free drug 
concentration) of pharmacological interest. The f p  value calculated a t  
a pharmacologically meaningless drug concentration will give a wrong 
prediction when compared to the observed data for meaningful concen- 
trations (Fig. 9B inset) and may lead to failure in construction of physi- 
ologically based pharmacokinetic models. 


DISCUSSION 


As already pointed out (6), extrapolation of thiopental binding data 
for one concentration of bovine serum albumin to another will produce 
errors because of protein concentration-dependent binding. Thus, in the 
present study, the values of effective protein fractions (Fig. 8) decreased 
42% for 4% bovine serum albumin and 35% for 1% bovine serum albumin 
with increasing thiopental concentrations in rat plasma. Similar results 
were obtained by calculating the values of effective protein fractions from 
the binding data of salicylate to human plasma (13) as well as the binding 
parameters of salicylate to human serum albumin (14). The calculated 
values of effective protein fractions of 1% human serum albumin at  sa- 
licylate concentrations of 100 and 300 pglml were nearly equal, but the 
effective protein fractions of 0.1% human serum albumin changed two- 
fold. If it is assumed that the association constants of 0.1% human serum 
albumin are equal to those of 1% human serum albumin, the effective 
protein fractions of 0.1% human serum albumin become nearly equal at 
100 and 300 pglml of salicylate. Thus, the effects of protein concentra- 
tion-dependent drug protein binding on the calculation of effective 
protein fraction will be ascribed to the change of association constants 
andlor the number of binding sites. Therefore, protein concentration- 
dependent drug protein binding greatly affects the effective protein 
fraction. 


The present study shows that there was little, if any, temperature effect 
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Figure 9-Simulation curves calculated according to Eq. 3 using the fp values for thiopental concentration of 0.160 mM in rat plasma (A) and 
of 0.391 mM in muscle homogenate (B) and the binding parameters of 4% rat serum albumin a t  37' (-), 1 % rat serum albumin a t  4 O  (- - -), 4% 
bovine serum albumin a t  37' (- - - -), and 1 %  bovine serum albumin a t  37" (- -). Each point (0) represents the mean of three experiments. [B, 
inset: simulation curves calculated according to Eq. 3 using the binding parameters of 4 %  rat serum albumin and the fp values for thiopental con- 
centrations of 0.391 mM (fp = 0.00357) and 1.86 mM (fp = 0.00534).] 


on thiopental binding to bovine serum albumin but that temperature 
greatly affected thiopental binding to rat serum albumin and rat plasma. 
As shown in Fig. 8, because of the temperature effect on thiopental 
binding to rat serum albumin, the binding parameters obtained a t  4O 
different from body temperature gave concentration-dependent effective 
protein fractions. Similar results are expected for the binding of salicylate 
to human serum albumin (5) whose association constants are highly de- 
pendent on temperature. 


The binding parameters of rat serum albumin gave a better fit to the 
observed rat plasma binding data than those of bovine serum albumin 
(Figs. 8 and 9A). The binding parameters of bovine serum albumin gave 
a better fit to the observed muscle homogenate binding data than those 
of rat serum albumin (Fig. 9B). Thus, interspecies and tissue differences 
in drug protein binding (other than temperature and protein concen- 
tration effects) should be considered. 


The concept of the effective protein fraction is not applicable to the 
in viuo situation when there is a significant protein concentration effect 
on drug tissue homogenate binding or when the binding profile of the 
tissue homogenate differs greatly from that of serum albumin. Further- 
more, the homogenated tissue sample does not always reflect the in vivo 
situation. The concept of the effective protein fraction is not a perfect 
method for predicting tissue binding. However, since it is difficult to 
measure tissue binding in a direct and perfect manner a t  present, ap- 
propriate use of the effective protein fraction will facilitate the devel- 
opment of useful physiologically based pharmacokinetic models. 


Consequently, in uitro binding experiments for predicting in vivo 
situations would be best performed a t  approximate body temperature, 
using physiological protein levels, and at  free drug concentrations in the 
pharmacologically useful range. In addition, interspecies differences in 
drug protein binding should be considered. 


REFERENCES 


(1) C. F. Chignell and D. K. Starkwesther, Pharmacology, 5,  235 


(2) D. T. Witiak and M. W. Whitehouse, Biochem. Pharmacol., 18, 


(3) J. N. McArthur, P. D. Dawkins, and M. J. H. Smith, J .  Pharm. 


(4) C. J. Bowmer and W. E. Lindup, Biochem. Pharmacol., 27,937 


(5) J. F. Zarolinski, S. Keresztes-Nagy, R. L. Mais, and Y. T. Oester, 


(6) D. Shen and M. Gibaldi, J. Pharm. Sci., 63,1698 (1974). 
(7) R. L. Dedrick and K. B. Bischoff, Chem. Eng. Prog. Symp. Ser., 


64,32 (1968). 
(8) L. R. Goldbaum and P. K. Smith, J.  Pharmacol. Exp. Ther., 11 1, 


197 (1954). 
(9) B. B. Brodie, L. C. Mark, E. M. Papper, P. A. Lief, E. Bernstein, 


and E. A. Rovenstein, ibid., 98,85 (1950). 
(10) S. P. Colowick and F. C. Womack, J. Biol. Chem., 244, 774 


(1969). 
(11) Y. Sugiyama, T. Iga, S. Awazu, and M. Hanano, J. Pharmacobiol. 


Dyn., 2,193 (1979). 
(12) T. Nakagawa and Y .  Koyanagi, "SALS, a computer program for 


statistical analysis with least squares fitting," Library Program of the 
University of Tokyo Computer Center, Tokyo, Japan, 1978. 


(13) A. H. Anton and W. T. Corey, Acta Pharmacol. Toxicol., Suppl. 
3,29, 134 (1971). 


(14) S. W. Boobis and C. F. Chignell, Biochem. Pharmacol., 28, 751 
(1979). 


(1971). 


971 (1969). 


Pharmacol., 23,32 (1971). 


(1978). 


ibid., 23,1767 (1974). 


Journal of Pharmaceutical Sciences I 1053 
Vol. 70, No. 9, September 1981 








Table I-Accuracy and Reproducibility of GLC Analysis of I 
Added to Human Plasma 


Added, Mean Recovered Recovery, 
Wdml Amount (Range) %a 


0.1 0.101 (0.097-0.103) 101 
0.5 
1 
5 


10 


0.49 (0.480-0.51 j 
1.03 (0.95-1.31) 
4.81 (4.74-5.33) 


10.35 19.84-10.72) 


98 ~~ 


103 
96.2 


103.5 
15 15.50 (14.68-15.96) 104 


Mean f SD = 100.95 f 2.92; number of analyses = 4. 


The results (Table I) show the accuracy and reproducibility of the GLC 
analysis of I in clinical samples. The response factor was calculated using 
the ratio of peak areas for similar concentrations of I and I1 (1.22 f 0.12). 
The method has been used in laboratories to determine the amount of 
I in rat blood compared with radioisotopic methods (18,19). It also has 
been used for the determination of I in plasma and urine of humans and 
in pharmacokinetic studies (18). 


Recently, a simple and fast high-performance liquid chromatographic 
method (20) was developed in which derivatization was not necessary. 
However, the sensitivity was not as good as that using GLC electron- 
capture detection. 
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Abstract 0 Two series of anilinomethanesulfonate derivatives, the 
anilinium and p-toluidinium anilinomethanesulfonates, were synthe- 
sized. They present interesting spectroscopic features and can be used 
as characteristic derivatives of the parent compounds. These series allow 
the easy study of the N-H stretching frequencies of the secondary amine 
whereas difficulties are encountered with the parent compounds due to 
the occurrence of 0-H stretching bands in the same frequency range. All 
three compounds present a common fragmentation pattern in mass 
spectral analysis. Through these analyses, the salt structure of the ani- 
linium anilinomethanesulfonates is demonstrated in opposition to a 
sulfonamide structure, giving further support to the salt structure of other 
series previously reported. 


Keyphrases 0 Anilinomethanesulfonates, derivatives-synthesis and 
structure elucidation by elemental, IR, and mass spectral analyses Mass 
spectrometry-analysis, anilinomethanesulfonate derivatives, synthesis 
and structure elucidation o IR spectroscopy-analysis, anilino- 
methanesulfonate derivatives, synthesis and structure elucidation 


Methanesulfonation of the amine groups of pharmaco- 
logically active drugs is used to increase their solubility (1) 
and to control their hydrolysis in biological media (2). 
Some common examples are p -phenetidinomethanesul- 


fonatel, dihydroergotamine2, and dipyrone3. On the other 
hand, some researchers have studied aminomethanesul- 
fonic compounds as potential antiviral (3) or carcinogenic 
agents (4, 5) since their structures are analogous to the 
carboxylic amino acids. As part of research into the prop- 
erties of aminomethanesulfonates, the kinetics of forma- 
tion of substituted anilinomethanesulfonates were studied 
recently (6). The inherent difficulties of analyzing IR 
spectra of substituted aromatic aminomethanesulfonates 
with regard to the 0-H stretching bands also were dis- 
cussed (7). 


Little work has been reported concerning the analysis 
of the anilinomethanesulfonates, their chemical structure, 
and the different products that form, depending on the 
synthetic method. To find appropriate methods of analysis 
and identification of these products, a new series of de- 
rivatives was prepared by the reaction of equimolar 


1 Nevralteine. 
Diergotan, dihydergot, ergotex. 
Conmel, novalgin, sulpyrin. 
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IIa: R; = H 
IIb: R, = CH, 


Scheme I 


amounts of the anilinomethanesulfonate (I) with anilinium 
or p-toluidinium chloride in water a t  room temperature 
to form the anilinium or p-toluidinium anilinometh- 
anesulfonates (11) (Scheme I). 


EXPERIMENTAL 


Anilinomethanesulfonate Sodium Salts-All anilinomethanesul- 
fonates were synthesized from the corresponding anilines and sodium 
hydroxymethanesulfonate and were purified by previously described 
methods (6). 


Anilinium and p-Toluidinium Anilinomethanesulfonates-These 
compounds were prepared by mixing equimolar amounts of the parent 
anilinomethanesulfonate with anilinium or p-toluidinium chloride a t  
room temperature in a minimal amount of water under strong agitation. 
After precipitation. which was almost instantaneous, the compound was 
filtered, washed with cold ethanol and ether, and dried under vacuum 
a t  room temperature. 


Recrystallization was performed using 50% ethanol-water. Special care 
was required because the anilinium compounds may be affected by 
light. 


Elemental analysis values for all compounds were within 0.5% of those 
calculated from the theoretical structure of 11. 


The melting points for the anilinium- and p-toluidinium-substituted 
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Figure 1-IR spectra of sodium anilinomethanesulfonate (I), anilinium 
anilinomethanesulfonate (Ila), and p-toiuidinium anilinomethane- 
sulfonate (Ilb) and its p-chloro-substituted deriuatiues. 


anilinomethanesulfonates, respectively, were: R = H, 118-120 and 
123-124O; R = rn-C1, 119-120 and 123-124’; R = p-C1, 129-134 and 
139-142O; R = p-CH3,122-124 and 131O; and R = p-OCH3,121-123 and 
134-136’. All compounds melted with decomposition. 


Instrumentation-IR spectra were measured on a high-resolution 
double-beam spectroph~tometer~. All spectra were taken from solid 
pellets with 0.5% of the product in potassium bromide. 


Mass spectra were taken a t  various temperatures with a quadrapole 
spectrometric system5. 


RESULTS AND DISCUSSION 


The classic synthesis of substituted anilinomethanesulfonates (I) in- 
volves the reaction of equimolar amounts of the substituted aniline hy- 
droxymethanesulfonate in a suitable solvent (6) (Scheme 11). 


,Q--NHCH~SO; + H,O 
R 


Scheme I I  
Another common method for aliphatic and, in particular, C-substituted 


compounds is based on the addition of sulfur dioxide to the corresponding 
Schiff base dissolved or suspended with enough water to form the hy- 
drogen sulfate ion (HSO;). Depending on the aldehyde and the amine, 
three products (111-V or a mixture of them) might be formed when using 
the Schiff base method (8) (Scheme 111). 


0 
R C @  + H,NR - R’CH=NR + H20 


‘H 


/ nr 
RCH=NR + SO2 + H2O --t IV 


V \r 


Scheme I I I  
Structure I11 is obtained with aromatic amines, IV is obtained with 


aliphatic amines, and V is obtained when either the starting amine is very 
bulky (steric hindrance) or the aromatic aldehyde is substituted with 
strong withdrawing groups. In both cases for V, hydrolysis of the Schiff 
base is faster than the reaction with the bisulfite reagent. Considering 
the experimental procedure, it might be assumed that the proportion in 
which I11 and IV are formed is a function of the difference of the pKa 
values between aliphatic and aromatic amines. 


This method cannot be used for formaldehyde derivatives (R’ = H) 
since a mixture of bis(pheny1amino)methane and resinous material is 
formed (9). 


IR Spectral  Analysis-The anilinium salt structure of V was con- 
firmed by its IR spectra. The characteristic derivatives, IIa and IIb, 
present very characteristic N-H and S-0 (SO,) stretching bands (10). 
The N-H stretching frequencies for these compounds were presented 
elsewhere (7). If the structure of V is sulfonamide-like, as was suggested 
(111, the N-H stretching frequency for the see-amine group and for the 
sulfonamide group should be different. Therefore, two narrow stretching 
bands around 3400 cm-’ should be expected for a IIIa ( R  = H) struc- 
ture. 


As can be seen from Fig. 1, only one sharp N-H stretching band ap- 
peared a t  this frequency range, well separated from the characteristic 
N-H (NH:) broad band at 3200-2600 cm-’. However, the sulfonamide 
S-0 (SOz) stretching bands appear around 1335 (asymmetric) and 1175 
(symmetric) cm-’. The main absorptions in this region for I, IIa, and IIb 


+ 
/NHR , W R  /OH 


‘SO; + N H ~ R  ‘so, \so; + N H ~ R  
R’CH R’CH R’CH 


111: R‘ = aryl IV: R‘ = alkyl V:  R‘ = C,H,NO, 
IR = alkyl, aryl 
R’ = alkgl, aryl 
R = tert-butyl 


Perkin-Elmer model 180. 
Finnigan model 1015. 
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'SO~HR 
IIIa 


were at 1175 (asymmetric) and 1050 (symmetric) cm-l, which are typical 
of sulfonic acid salts. 


Mass Spectral Analysis-The mass spectra of the sodium anilino- 
methanesulfonates (I) and their anilinium (IIa) and p-toluidinium (IIb) 
derivatives (Tables 1-111) are consistent with the fragmentation pattern 
shown in Scheme IV. This pattern provides additional support for the 
anilinium salts uersus the sulfonamide structure for two reasons: (a) the 
fragments found in the mass spectra of the anilinium (Ha) and p-tolui- 
dinium (IIb) derivatives were similar to those found in the mass spectra 
of the parent anilinomethanesulfonates; and ( b )  no fragments corre- 
sponding to the mass of the sulfonamides were apparent. 


Some characteristics of these mass spectra should be mentioned. 
1. The similarity of the mass spectra of I and I1 together with the lack 


of the parent peak, as would be expected for any salt (12), justifies a 
common fragmentation pattern for all three types of compounds. 


2. The abundance of the Schiff base peaks (A and B), the cationic 
aniline peaks (E), and the characteristic SO2 and SO peaks suggest suc- 
cessive or alternative fragmentations through C-S and N-C cleavages, 
followed by hydrogen losses. 


3. The substituted phenyl fragments (C) may rearrange to other 
structures in accordance with the patterns for substituted aromatic 
compounds (13), as in the case of p-toluidinomethanesulfonate where 


Table I-Mass Spectra of the Substituted Sodium 
Anilinomethanesulfonates 


Substituent 
Fragment H p-CH3 p-CHaOa 0-C1 rn-C1 p-C1 p-Br 


A 11 17 2 95 35 48 69 
B 2 1 1 1 4 3 1  
C 100 100 5 40 55 50 38 
D 57 50 90 100 100 100 100 


25 30 22 58 28 21 38 so 11 10 10 15 6 5 14 
so2 


a The base peak corresponds to the m/z 120 fragment. 


Table 11-Mass Spectra of Substituted Anilinium 
Anilinomethanesulfonates 


Su bsti tuen t 
Fragment H p-CH3 p-CH30 0-C1 m-C1 p-C1 p-Br" 


A 28 7 65 5 10 15 7 
B l O O b  (100)' 87 100 100 100 49 
C 23 58 1 2 3 1 0 3  
D 4 56 75 5 4 1 8 7  
E 100b 69 100 58 17 23 36 
SO2 25 40 41 51 13 10 37 
so 14 10 11 16 2 2 15 


a Base peak corresponds to the cyclopentadienyl fragment (m/z 56). * Fragments 
B and E are indistinguishable. Corresponds to (M - 1). 
peaks corresponding to the tropylium and cyclopentadienyl cations ap- 
pear with 100 and 34% frequency, respectively. 


4. For the halogen-substituted compounds, important fragments arise 
from the cleavage of the halogen atom from the aromatic ring, followed 
by decomposition of the latter. This pattern can be seen in Table I1 for 
the anilinium p-bromoanilinomethanesulfonate, for which the base peak 
corresponds to the cyclopentadienyl cation. 


5. For the methoxy-substituted compounds, important fragments are 
found corresponding to CH3-0 cleavage, typical of aromatic ethers (14). 
That is, the base peak for the p-methoxyanilinomethanesulfonate is the 
O-C~HG-N=CH~ fragment. 


The mass spectra of the characteristic derivatives taken at  tempera- 


Table 111-Mass Spectra of Substituted p-Toluidinium 
Anilinomethanesulfonates 


Substituent 
Fragment H p-CH3 p-CH3On 0-C1 m-C1 p-C1 p-Br 


A 100 7 5 4 11 21 26 
B 69 100b 52 100 100 67 25 
C 15 64 90" 2 16 34 14 
D 9 61 45 5 27 60 38 
E 78 100b 90' 58 80 
SO? 20 4 50 67 61 49 42 


~~ 


a Base peak corresponds to (CsHs+NH=CH*). * Fragments B and E are indis- 
Corresponds to (M - tinguishable. 


1). 
Fragments C and E are indistinguishable. 
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Table IV-Additional Fragments Originating from Polymer Formation 


Fragment A‘ Fragment G Fragment F Fragment E 
Relative Relative Relative Relative Samole Melting 


L1 


Compound Intensity mlz Intensity mlz Intensity mlz Intensity m/z Temperature Point 


I I U  29 106 41 207 G G 130’ 1200 
p-CH3.11~ 100 106 11 207 15 221 8 236 170’ 122’ 
m-35Cl-IIa 20 106 30 207 19 242 4 276 130’ 119’ 
IIb 26 121 11 207 48 221 41 236 120” 124’ 
p-CH30.IIb 15 126 15 236 20 252 18 268 150’ 134’ 


products I 
R I 


R‘ / 
J 


recombination 


mass spectra 


E F G 


t 
+NH=CH2 +NH=CH, 


I 1 


@ + @  


A A’ 
Scheme V 


tures near their melting points (110-130’) showed significant amounts 
of higher molecular weight fragments. These fragments arise from dimers 
formed by recombination of the decomposition products of the initial 
compounds. The corresponding data are shown in Table IV, and the 
probable products are shown in Scheme V. 


CONCLUSIONS 


The formation of the characteristic anilinium and p-toluidinium de- 
rivatives from the parent anilinomethanesulfonates displaces the water 
molecule of crystallization of the latter, as may be seen from elemental 
and IR analyses. This displacement is due to the exchange of sodium by 
the anilinium or p-toluidinium counterion. These derivatives are studied 
more easily than the parent compounds by mass spectra due to their lower 
melting points. Thus, the mass spectra must be monitored a t  low tem- 
peratures since polymerization occurs in the melting range of these de- 


rivatives, leading to the detection of dimer fractions and unexpected 
Schiff bases. This polymerization did not occur in the ionization chamber 
since there was no significant difference in the relative intensity of the 
dimer fragments when the initial compounds were monitored at  different 
temperatures above the melting points. 


The experimental method used in the present study together with the 
elemental, IR, and mass spectral analyses demonstrate the salt structure 
of V and furnishes new arguments for the salt structure of these com- 
pounds as opposed to  the sulfonamide structure suggested previously 
(11). 


The easy synthesis, low melting point, and unambiguous IR spectra 
suggest that these compounds can be used advantageously as charac- 
teristic derivatives for anilinomethanesulfonates. 


Preliminary data6 obtained by X-ray crystallography show that the 
distance between 0-N (S0,H3Nf) is -2.8 A, which indicates that no 
covalent bonds are present in the characteristic derivatives IIa and 
IIb. 
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Figure 2-IR spectrum of itanoxone 


The exchangeable acid proton appeared faintly in dimethyl sulfoxide-ds, 
but a very marked singlet was obtained in pyridine-ds at  9.9 ppm. 


Mass Spectroscopy-The molecular peak was observed a t  m/z 300, 
corresponding to  the molecular mass of the product. The most charac- 
teristic fragments of I gave a series of peaks at  m h  302,300,277,255,217, 
215, 152, and 76. The peak at  mlz  302 corresponded to the chlorine 37 
isotope. The isotopic peaks at  p + 2 were also observed in the various 
fragments containing chlorine. 


Fragmentation is shown in Scheme 11. The ClzHs ion ( m / z  152) (18, 
19) was followed by the series of ions at  m/z 151,150,126,76,75,74, and 
63. The relative intensities of these ions in the spectrum of I were very 
close to  those in the Cornu-Massot catalog (20) for diphenylene and 
acenaphthene. This result indicates that the ion obtained after the re- 
moval of C=O and the chlorine atom rearranges to give a radical ion with 
a structure close to diphenylene or acenaphthene. 
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Abstract 0 This study was designed to determine the effect of a clinically 
used surfactant, docusate sodium, on the release of chlorpheniramine 
from a controlled-release dosage form (encapsulated coated pellets). I n  
uiuo treatments consisted of the controlled-release capsule alone or with 
200 mg of docusate sodium. Plasma chlorpheniramine levels were de- 
termined, and the AUC was calculated. No significant difference in AUC 
values was observed between the two treatments. At  a concentration 
below the CMC, docusate sodium enhanced the in uitro drug release rate. 
The surfactant exerted a greater effect on the release of the first one-third 
of the drug contained in nonwax-coated pellets. At the CMC, 0.02% (w/v), 
docusate sodium rapidly entrapped chlorpheniramine in micelles. The 
overall enhanced dissolution rate in uiuo may have been offset by micellar 
drug entrapment. 


Keyphrases 0 Docusate sodium-effect on drug release from a con- 
trolled-release dosage form 0 Controlled-release formulations-effect 
of docusate sodium on drug release 0 Surfactants-effect on drug release 
of controlled-release dosage forms 


Most long-acting oral dosage forms utilize a physical 
barrier to decrease the rate of drug release into the GI tract. 
The wax coating on the pellets of a controlled-release 
capsule serves as this barrier (1). 


Disintegration of the wax coat is thought to be controlled 
by the penetration of moisture through pores (2). The pH 
of the medium reportedly does not affect disintegration 
(3) although surface tension is thought to be important. 
The surface tension of intestinal fluid is less than gastric 
fluid due to bile salts in the intestines. This lowered surface 
tension may lead to the release of more drug into the in- 
testinal fluids (2). The effect of lowered surface tension in 
the GI tract on the release of drug from wax-coated pellets 
has not been reported. 


BACKGROUND 


Numerous studies have been performed to determine the effect of 
surfactants on drug absorption, mainly with surfactants that promote 
oral absorption of a poorly absorbed drug. The exact mechanism by which 
docusate sodium and other surfactants enhance drug absorption is un- 
known. The most popular theory has been that surfactants directly alter 
membrane permeability of the GI tract (4-14). Although the mechanism 
of this “hyperabsorptive state” is unknown, most investigators believe 
that the surfactant disrupts the integrity of the epithelial membrane in 
a reversible fashion (4-11). The removal of proteins (12, 13) and phos- 
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Table I-Accumulative A UC (Micrograms Minutes per Milliliter) of Chlorpheniramine from Subjects Receiving 12 mg of 
Chlorpheniramine in a Controlled-Release Capsule with (Treatment B) o r  without (Treatment A) 200 mg of Docusate Sodium 


Min 


Subject 1 
Treatment Area 


A B Chancre 


Srihiect 2 . - - . . . - 
Treatment Area 


Change A B 


40 
80 


160 
240 
480 


Min 


8.79 
18.10 
37.10 
54.79 


107.48 


5.79 
13.13 
26.60 
40.59 
88.24 


-3.90 
-4.97 


-10.50 
-14.20 
-19.24 


5.23 
12.30 
24.24 
41.63 


107.68 


5.48 +0.25 
12.28 
25.02 


~ ~. 


-0.02 
+0.78 


37.26 -4.37 
71.90 -35.78 


Subject 3 Subject 4 
Treatment Area Treatment Area 


A B Change A B Change 
I 


40 6.36 8.07 +1.71 7.36 8.89 +1.53 
80 13.03 19.32 +6.29 17.95 18.20 +0.25 


160 25.40 37.69 +12.29 37.03 33.89 -3.13 
240 38.16 57.00 +18.84 56.08 52.25 -3.83 
480 69.54 105.08 +35.54 113.73 107.61 -6.12 


Min 


Subject 5 
Treatment Area 


A B Chancre 


Snhiect 6 
.I--- - __. 


Treatment Area 
A B Change - 


40 9.27 7.14 -2.13 10.49 7.18 -3.31 
80 19.28 19.22 -0.06 20.91 18.63 -2.28 


160 42.24 41.76 -0.48 40.51 48.93 +8.42 
240 64.28 63.05 -1.23 57.38 76.46 +19.08 
480 118.70 131.47 +12.77 99.03 156.60 +57.57 


Subject 7 
Treatment Area 


Min A B Change 


40 9.18 10.87 +1.69 
80 19.41 21.32 f1.91 


160 41.00 39.46 -1.54 ~. . 


240 62.11 69.09 +6.98 
480 112.21 145.95 +33.74 


pholipids (13,14) from the membrane by surfactants may alter perme- 
ability. “Plasticization” of the membrane by the action of surfactant 
molecules in the lipoidal epithelium has also been suggested as a possible 
mechanism for altered permeability (7). 


Gouda and colleagues (4-8) determined that the effect of docusate 
sodium on drug absorption was concentration related. The critical micelle 
concentration (CMC) was closely related to the critical concentration for 
the enhancement of drug absorption. The CMC for docusate sodium was 
reported to be 0.02-0.03% (wh) (15). Surfactants can trap drug molecules 
in micelles that form in surfactant concentrations above the CMC. Since 
micrlles are thought to be too large to diffuse across the mucosal mem- 
brane, drugs trapped by micelles are not available for absorption (16). 


EXPERIMENTAL 


In Vivo-A 2 X 2 Latin square design was used to study the effect of 
coadministration of 200 mg of docusate sodium on the GI absorption of 
chlorpheniramine released from a controlled-release capsule’. Seven 
subjects were randomly assigned to two different groups. Study days were 
separated by 7 days to allow adequate drug clearance of the previous 
dose. 


All subjects were adult males, 22-34 years of age, who were within 10% 
of their ideal body weight. Since the drugs were not administered on a 
milligram per killigram basis, only subjects weighing 72-80 kg were used. 
In addition, all subjects had prestudy test results within the normal 
laboratory limits. 


Subjects fasted for 12 hr prior to drug administration and were allowed 
water ad. libitum. Blood samples were drawn through a 21-gauge heparin 
lock inserted into a vein on the dorsal side of the forearm. Treatment A 
consisted of 12 mg of chlorpheniramine in controlled-release capsule 
dosage form’. Treatment B consisted of the chlorpheniramine capsule 
and two 100-mg docusate sodium capsules2. Drugs were ingested with 
240 ml of water. Blood samples (7.5 ml) were drawn a t  0, 10,20,40,80, 
160,240,360, and 480 min. Plasma was immediately separated and kept 
frozen until assayed. 


Assay Procedure-The procedure of Chiou et al. (17) was modified 


Teldrin Spansule, 12 mg, Lot X56657.1, Smith Kline & French. 
2 Colace capsules, 100 mg, lot MJN73, Mead Johnson. 


and used for the assay of chlorpheniramine in plasma. Samples were 
analyzed by a high-performance liquid chromatograph3 equipped with 
a reversed-phase column4 and a UV detector set at  264 nm5. The mobile 
phase consisted of 20% acetonitrile in phosphate buffer (0.075 M mo- 
nobasic ammonium phosphate in 0.016 M phosphoric acid). Chlor- 
pheniramine and the internal standard, brompheniramine, had average 
retention times of 9.64 and 12.75 min, respectively, a t  a flow rate of 1 
mllmin. 


Aliquots (200 pl) of the plasma samples were added to 5-ml centrifuge 
tubes containing 10 pl of brompheniramine solution (3.67 p g  of brom- 
pheniramine free base/ml of 0.5% phosphoric acid). Then 200 pl of 60% 
methanol in 0.2 M sodium acetate buffer was added, followed by vor- 
texing for 10 sec. The samples were centrifuged at  400Xg for 10 min. 
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Figure 1-Linear in vitro dissolution profile of 12 mg of chlorphenir- 
amine released from the controlled-release dosage form into 0.1 N HC1 
containing 0.01 7; (wlu) docusate sodium (Group II, m) or no docusate 
sodium (Group I ,  0). 


:’ Varian model 4200. 
4 pBondapak Cis, Waters Associates. 


Tracor model 970. 
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Figure %-Semilogarithmic in vitro dissolution profile of 12 rng of 
chlorpheniramine released from the controlbed-release dosage form into 
0.1 N HCl containing 0.01 % ( w h )  docusate sodium (Group II, B) or no 
docusate (Group I, 0). 


Duplicate 2O-jd injections of the supernate were analyzed by high-per- 
formance liquid chromatography (HPLC). 


The ratio of the area units of the chlorpheniramine peak to the area 
units of the brompheniramine peak was used to determine the plasma 
chlorpheniramine concentration from the standard curve. Linearity (r  
= 0.992) on the standard curve was observed from 0.0088 mg to  0.352 
mg/ml of pooled plasma. 
In Vitro-A USP rotating-basket dissolution apparatus6 was used 


for all dissolution studies. The controlled-release capsule was placed into 
the 40-mesh rotating basket and lowered into 500 ml of 0.1 N HCl (Group 
I, no docusate sodium; Group 11, 0.01% (w/v) docusate sodium). The 
dissolution medium was maintained at 37 f 0.2". The basket was lowered 
to a position 2 cm from the bottom of the vessel and rotated a t  100 rpm. 
Aliquots of 3.0 ml were removed from the point midway between the 
cylindrical edge of the basket and the wall of the vessel. 


Samples from Group I were immediately transferred to a cell and an- 
alyzed for chlorpheniramine by UV spectroscopy7 a t  264 nm. Samples 
from Group I were drawn a t  0,5,10,20,30,40,60,80,100,180,210,240, 
270,300,330,360,390,420,450,540, and 720 min. Samples from Group 
I1 were transferred to a 5-ml centrifuge tube and centrifuged a t  400Xg 
for 10 min. Centrifugation was necessary because the surfactant solubi- 
lized the wax, resulting in an opaque suspension. The supernate was 
transferred to a cell and analyzed at 264 nm. Sampling times for Group 
I1 were 0,5,15,40,55,70,110,190,220,250,280,355,540, and 720 min. 
All samples were returned to the dissolution medium, but samples from 
Group 11 were first remixed with centrifuged material. 


Micellar Entrapment Study-A single study was performed to de- 
termine the effect of surfactant concentration on chlorpheniramine 
availability. Chlorpheniramine powder USP (12 mg) was added to the 
dissolution vessel which contained 500 ml of 0.1 N HCl and either 0.01 
or 0.02% (wlv) of docusate sodium. The solutions were agitated by the 
rotation of the dissolution basket a t  100 rpm. Aliquots of 3.0 ml were 
removed at 0,1, 3, 4,6,9, and 11 min. The samples were immediately 
transferred to a cell and the amount of free chlorpheniramine was de- 
termined by UV detection a t  264 nm. 


RESULTS AND DISCUSSION 


In Vivo-The plasma concentrations for each subject were plotted 
versus time, and the areas under the curves (AUC) were calculated by 
the trapezoidal rule. Table I shows the AUC for each subject a t  40,80, 
160,240, and 480 min. The mean AUC and the standard deviations are 
given in Table 11. A t test ( p  = 0.1) revealed no significant difference 
between the mean AUC obtained after administration of Treatments 
A (no docusate sodium) or B (200 mg of docusate sodium) a t  each time 
period. A paired t test was performed on the mean change in area from 
Treatment A to B for each time. No significant difference was observed 
a tp  = 0.1. 
In Vitro Dissolution-Figures 1 and 2 contain graphs of the percent 


of total drug remaining in the dosage form versus time on linear and 
semilogarithmic graph paper, respectively. Each data point represents 
the average of four trials. As shown in Fig. 2, the drug was released in a 
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Figure 3-Micellar entrapment o f  chlorpheniramine in 0.1 N HC1 
containing 0.01 % (0) or 0.02% (B) WIU of docusate sodium. 


first-order process in both groups. The data (percent remaining uersus 
time) were analyzed by the NONLIN subroutine of the AUTOAN com- 
puter program (18) to determine if the dissolution profile was best de- 
scribed by a mono- or polyexponential equation. The data from both 
groups were best described by a biexponential equation. 


The results of the analysis are shown in Table 111. As expected, the 
initial dissolution rate constants, k l ,  from both groups were greater than 
the corresponding terminal rate constants, k z .  The first phase of drug 
release provides the loading dose a t a  rapid rate. The second rate constant, 
k z ,  is associated with the slower rate at which the maintenance dose is 
released. 


The overall effect that docusate sodium had on drug release from the 
controlled-release capsule may be observed by comparing the dissolution 
rate constants calculated for each group. Both initial and terminal rates 
of drug release were increased by the surfactant. The initial rate constant, 
k l ,  was tripled (from 1.25 X min-') in the presence 
of the surfactant. The terminal rate constant, k z ,  was doubled (from 5.85 
X to 1.19 X 10-2 min-1) by the surfactant. The ratio of k l  to k z  was 
increased by the surfactant from a value of 2.14 to 3.29. This finding 
suggests that  the surfactant exerted a greater effect on the initial drug 
release than on the release of the maintenance dose. 


One-third of chlorpheniramine contained in the controlled-release 
capsule was in nonwax-coated pellets, with the remainder of the drug 
contained in pellets coated with varying thicknesses of wax. Table IV 
contains the dissolution data divided into two segments, which roughly 
correspond to the amounts of drug contained in these two types of pellets. 
The times given in Table IV were determined from regression analysis 
of the dissolution data using the biexponential equations described in 
Table 111. A value of 95% released was chosen for the last group due to 
the difficulty of accurately determining the time at which 100% of the 
drug had been released from the dosage form. 


The AT values in Table IV represent the time required for chlor- 
pheniramine to be released from each pellet group. The AT value for the 
first one-third of the drug was simply the time required for 33.33% to be 
released from the dosage form. The AT value for the release of drug from 
wax-coated pellets (33.33-95%) was determined by subtracting AT for 
the first one-third from the total time required to release 95% of the drug. 
The surfactant decreased the required release time from both pellet 
groups. However, as shown by the ratio of AT from Group I to AT from 
Group I1 in Table IV, the surfactant had a greater effect on the amount 


Table  11-Mean AUC (Micrograms Minutes per Milliliter) f SD 
f rom Subjects Receiving 12 mg of Chlorpheniramine in a 
Controlled-Release Capsule with (Treatment B) o r  without 
(Treatment  A) 200 mg of Docusate Sodium 


to 3.92 X 


Mean Area 
Minutes Treatment A Treatment B Change 


40 8.10 f 1.85 7.62 f 1.87 -0.48 f 2.30 
80 17.28 f 3.31 17.44 f 3.39 +0.16 f 3.49 


160 35.36 f 7.46 36.19 f 8.45 +0.83 I7 .53  
240 53.49 f 9.92 56.53 f 14.38 +3.04 f 12.52 
480 104.05 f 16.41 115.26 f 30.78 +11.21 f 33.38 6 Erweka type DT. 


7 Varian Techtron 635. 
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Table 111-Results of Regression Analysis Used to  Determine Lines of Best Fit from Dissolution Data  


Time Interval, 
Groupa min r 


y -Intercept, 
% k l ,  min-’ k z ,  min-’ 


I 
I 


I1 
I1 


0-20 
30-390 
0-15 


15-190 


0.995 
0.995 
0.999 
0.995 


98.82 
95.67 


100.27 
67.35 


1.25 x 


3.92 x 10+ 
- 


- 


- 
5.85 x 10-3 
- 


1.19 x 10-2 


Group I = 12 mg of chlorpheniramine released from a controlled-release capsule into 0.1 N HCl, and Group I1 = 12 mg of chlorpheniramine released from a con- 
trolled-release capsule into 0.1 N HC1 containing 0.01% (w/v) docusate sodium. 


Table 1V-Time Required fo r  a Fixed Amount of Chlorpheniramine to be  Released from the Controlled-Release Capsule 


Percent 
Released 


Group 1“ 
Time, ATC, 
min min 


Group 116 
Time, AT, 
min min 


Ratio, 
A T d A  TII 


33.33 64.22 64.22 10.62 10.62 6.05 
95.00 502.10 437.88 218.07 207.47 2.11 


Dissolution of 12 mg of chlorpheniramine released from the controlled-release capsule into 0.1 N HC1. * Dissolution of 12 mg of chlorpheniramine released from the 
Amount of time required for chlorpheniramine to be released from each pellet controlled-release capsule into 0.1 N HCl containing 0.01% (w/v) docusate sodium. 


group. 


of time required for the first one-third of the drug to be released. This 
ratio decreased from 6.05 for the nonwax-coated pellet group to 2.11 for 
the wax-coated pellet group. 


Figure 3 shows the results of the micellar entrapment study. Below the 
CMC, the amount of free chlorpheniramine in solution was not altered. 
However, in 0.1 N HCl containing 0.02% (w/v) docusate sodium, the 
amount of free chlorpheniramine decreased rapidly over a short time. 
This finding demonstrated that the micelles formed in the surfactant 
solution a t  the CMC apparently have a high affinity for the chlor- 
pheniramine molecules. Drugs trapped in surfactant micelles must be 
released from the micelle before crossing the mucosal membrane. 
Therefore, micellar entrapment in uiuo could delay or decrease drug 
absorption. The concentration of docusate sodium that was in contact 
with the controlled-release capsule in the in uiuo study probably exceeded 
the CMC. 


CONCLUSIONS 


The availability of chlorpheniramine maleate from a controlled-release 
capsule was not significantly altered in uiuo by the coadministration of 
200 mg of docusate sodium. No significant difference in the AUC a t  40, 
80, 160,240, and 480 min was observed between the administration of 
the capsule alone or with docusate sodium. 


Docusate sodium enhanced the in uitro rate of chlorpheniramine re- 
lease from the dosage form. The initial drug release rate tripled and the 
release of the remainder of the drug doubled in the presence of the sur- 
factant. Micelles formed in the dissolution medium a t  the CMC of do- 
cusate sodium were shown to bind rapidly to chlorpheniramine. 


There are several possible explanations as to why the enhanced drug 
release rate was not observed in uiuo. The surfactant concentration in 
uiuo may have exceeded the CMC of docusate sodium. Although the drug 
release rate may have been enhanced, micellar entrapment of the drug 
molecules may have occurred. Drug molecules trapped by surfactant 
micelles are generally considered to be too large to be absorbed from the 
GI tract. The overall effect of the surfactant on drug release from the 
dosage form may have been negated by micellar entrapment. The sur- 
factant also was observed to exert its major effect in uitro on the release 
of the loading dose. The nonwax-coated pellets in the controlled-release 
capsule are designed for the rapid release of the loading dose in uiuo. 
Rapid therapeutic blood levels of chlorpheniramine were obtained in this 
study both in the presence and absence of the surfactant. Initial thera- 
peutic levels of the drug were obtained so fast that  any enhancement of 
initial drug release due to surfactant was not discernible. 


The effect of docusate sodium on the absorption of a solution of 
chlorpheniramine maleate is not known. Investigation of this effect would 
show whether micellar entrapment of the drug by 200 mg of docusate 
sodium occurs in uiuo. Additional insights into the in uiuo effects of the 
surfactant on drug release from the dosage form would be gained by de- 
creasing the amount of surfactant administered to the subjects. The effect 


of premicellar concentrations of the surfactant could be observed. 
Although the in uiuo study showed no significant difference in the AUC 


after administration of the controlled-release capsule alone or with the 
surfactant, generalizations should not be made. The effect of a surfactant 
on drug absorption is highly dependent on the drug being studied. Sur- 
factants have been shown to increase, decrease, or have no effect on the 
absorption of a drug already released from the dosage form. Other drugs 
contained in similar long-acting oral dosage forms may show marked 
changes in drug absorption when exposed in uiuo to a surfactant. 
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Abstract 0 The purpose of this investigation was to examine the phar- 
macokinetics of nitroglycerin in normal volunteers after intravenous drug 
administration. Eight subjects (including one subject on two occasions) 
received a dose of -0.6 mg iv of nitroglycerin a t  a rate of 18 pg/min. 
Plasma concentrations of intact drug during and after the infusion were 
determined using a GLC method. Intra- and intersubject variability in 
nitroglycerin plasma kinetics was substantial. Generally, however, plasma 
nitroglycerin disposition was characterized by: (a )  a large apparent 
plasma clearance (0.3-1 liter/min/kg), ( b )  a large volume of distribution 
(-3 literdkg), and (c) a rapid plasma half-life (-3 min). From the ap- 
parent volume of distribution obtained, plasma drug can be estimated 
to account for only -1.3% of total drug in the body. Minor fluctuations 
in tissue distribution, which can be produced by a myriad of external and 
internal stimuli, could cause dramatic fluctuation in plasma nitroglycerin 
concentrations and, hence, in the calculated pharmacokinetic parameters. 
For example, in two subjects studied, plasma nitroglycerin concentrations 
oscillated to such an extent that pharmacokinetic analysis could not be 
performed. In some subjects, steady-state concentrations were not ob- 
served in spite of the apparent short plasma half-life, and rebound in 
plasma concentrations during the postinfusion phase were evident. These 
phenomena were also observed in other kinetic studies involving organic 
nitrates. 


Keyphrases Nitroglycerin-pharmacokinetics, intravenous infusion 
in normal subjects 0 Pharmacokinetics-nitroglycerin, intravenous 
infusion in normal subjects 0 Vasodilators-nitroglycerin, pharmaco- 
kinetics, intravenous infusion in normal subjects 


Sublingual nitroglycerin has been used extensively for 
the relief of acute attacks of angina pectoris. Recently, 
intravenous nitroglycerin was shown to be effective in 
patients with congestive heart failure following myocardial 
infarction, for the treatment of coronary artery spasm in 
patients with variant forms of angina, for the reduction of 
arterial hypertension during coronary artery bypass, and 
for the induction of controlled hypotension during sur- 
gery. 


BACKGROUND 


Although the hemodynamic response to nitroglycerin infusion has been 
studied extensively, little is known about nitroglycerin pharmacokinetics. 
Wei and Reid (1) reported plasma nitroglycerin concentrations in patients 
receiving intravenous infusions, but their data were limited to mea- 
surements of single plasma concentrations obtained after a l-hr infusion. 
Recently, Armstrong et al. (2) studied nitroglycerin pharmacokinetics 
from arterial blood samples in patients with congestive cardiac failure. 
Their pharmacokinetic calculations of clearance and the volume of dis- 
tribution also were based on one steady-state nitroglycerin concentration 
obtained at the time of the maximum infusion rate. Data was not pre- 
sented to confirm that steady state was indeed achieved. 


Nitroglycerin is known to have a high affinity for plastic materials used 
in intravenous infusion bags and administration sets (3-5). A significant 
fraction of the dose can be lost to the delivery system during intravenous 
nitroglycerin infusion, thus leading to significant errors in the estimation 
of pharmacokinetic parameters. Since the available literature on riitro- 
glycerin kinetics (1, 2) does not make explicit reference to this factor, 
pharmacokinetic parameters generated from these reports may be subject 
to additional degrees of uncertainty. 


The present investigation examined the pharmacokinetics of intra- 


venously administered nitroglycerin in normal subjects. Methodological 
problems were avoided by preequilibrating the infusion administration 
sets with nitroglycerin solution and determining the actual dose infused 
into each subject directly from the nitroglycerin concentration in the 
infusion solution immediately before and after drug administration. 
Plasma nitroglycerin concentrations were determined during and after 
infusion. Additionally, noninvasive hemodynamic parameters were 
monitored during the study. 


EXPERIMENTAL 


Eight healthy, nonsmoking, male adult volunteers underwent normal 
screening for vital signs, ECG, and laboratory parameters. Exclusion 
criteria included (a) history of abnormalities of the cardiovascular, renal, 
or hepatic systems, blood, GI tract, or endocrine organs or any other 
significant disease state; ( b )  drug addiction including chronic marijuana 
use or alcoholism; and (c) chronic use of any medication. 


Screening for Nitroglycerin Hypersensitivity-Prior to the study 
and a t  least 1 week before receiving the nitroglycerin infusion, each 
subject was prescreened for nitroglycerin hypersensitivity. This screening 
was done by sublingual administration of 0.15-mg doses of nitroglycerin' 
a t  0,7.5,15.0, and 22.5 min for a total dose of 0.6 mg. Subjects who did 
not show any adverse reactions or nitrate hypersensitivity were in- 
cluded. 


Preparation of Infusion Solutions-Nitroglycerinz was supplied 
in 10-ml ampuls containing 5 mg of nitroglycerin in a buffered solution 
of 10% ethanol. Five milliliters of this solution was added to 100 ml of 
normal saline (0.970) in a glass intravenous container just prior to use. 


Saturation of Infusion Tubing-Nitroglycerin adsorption to the 
infusion tubing was minimized by using a short length of tubing and 
preinfusion to saturate adsorption sites. The infusion solution was drawn 
first into a 50-ml glass syringe, which then was connected with the infu- 
sion tubing3. With an infusion pump4, 10 ml was infused through the 
tubing at a rate of 0.382 ml/min, which then was increased to 0.764 ml/min 
until an additional 4 ml flowed through the tubing. The final 2 ml from 
this preinfusion procedure was collected for drug content assay (prein- 
fusion sample). Following completion of the infusion into the subject, 
another 2-ml sample of the infusion solution was collected (postinfusion 
sample). The concentration of nitroglycerin in these two samples was 
compared with a sample taken directly from the glass intravenous 
bottle. 


Drug Administration-Nitroglycerin solution was infused into a 
peripheral forearm vein through a polytef catheter5 at a flow rate of 0.764 
ml/min for 32 min. The nitroglycerin concentration in the infusion so- 
lutions was -22 pg/ml, and the infusion rate was -18 pg/min. The actual 
rate and the total amount of nitroglycerin administered to each subject 
were calculated from the assayed concentration of the infusion solu- 
tions. 


Blood Samples-Disposable plastic syringes, previously determined 
not to cause drug loss (5), were used to draw blood samples through a 
peripheral vein cannula5 in the arm not used for infusion. Following blood 
withdrawal, the cannula was flushed with heparin (100 U/ml) in 0.9% 
sodium chloride. Samples (5 ml) were drawn at  0 Gust prior to infusion), 
10,20,32,34,36,38,42,47,52,62, and 77 min. Following transfer to si- 
lanized glass culture tubes and immediate centrifugation, the plasma was 


USP tablets, 0.15 mg (1/400 gr), lot 2GL77A Eli Lilly & Co., Indianapolis, 


Nitro lycerin solution, lot no. 19743 clinical trial material, American Critical 


K50 extension tubing, 50.8 cm, Pharmaseal, Toa Alta, Puerto Rico. 
Model 940, Harvard Apparatus, Millis, Mass. 
Angiocath, 20 ga X 11/4 in., The Deseret Co., Sandy, Utah. 
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Care, Mckaw Park, 11). 
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Table I-Nitroglycerin Concentration (Micrograms per 
Milliliter) in  Infusion Solutions 


l- @ . @ @ a  a I 


> I 
i 5 t  


; U 


E - 
0 5 10 15 20 25 30 


MINUTES 
Figure 1-Nitroglycerin concentration in infusion solutions during two 
simulated runs. Key to Run 1 samples: 0, preinfusion; 0, during infu- 
sion; 0,  postinfusion; and - - -, calculated infusion concentration. Key 
to Run 2 samples: A, preinfusion; A, during infusion; A, postinfusion; 
and -.-., calculated infusion concentration. 


separated and placed on ice until transported to the assay laboratory for 
storage at -20". Sample analysis was performed as soon as possible and 
generally no later than 1 month after collection. These collection and 
storage conditions previously were shown to preserve nitroglycerin ad- 
equately (6). 


Hemodynamic Monitoring-To ensure subject safety, hemodynamic 
status was determined periodically throughout the study. Blood pressure 
was determined by sphygmomanometry, and heart rate was measured 
manually or by an ECG monitoring device. 


Assay--Plasma samples were assayed in duplicate according to a 
previously reported (7) GLC procedure. To increase sensitivity, the 
volumes of the plasma sample and the extraction solvent were increased 
to 0.5 ml. Caprylene was the internal standard. Recovery of nitroglycerin 
(-90%) was not affected by this modification. 


A kinetic assay procedure (8,9) was used to measure the nitroglycerin 
concentration of the infusion solutions. 


Calculations-The actual infusion rate (ko) for each subject was ob- 
tained by multiplication of the flow rate (0.764 ml/min) by the average 
of the nitroglycerin concentration in the preinfusion and postinfusion 
samples. In instances where no postinfusion sample was taken, the 
preinfusion concentration was used. The product of ko and the infusion 
time (32 min) yielded the total dose of nitroglycerin administered to each 
subject. Rebound in nitroglycerin plasma concentration occurred in 
several subjects, usually 10-20 min after infusion was terminated. 


Estimates of pharmacokinetic parameters were obtained by using only 
those postinfusion data points that decreased in concentration chro- 
nologically. The elimination rate constant ( K )  was estimated by linear 
regression of the postinfusion log nitroglycerin plasma concentration 
uersus time plot under such conditions. The area under the plasma ni- 
troglycerin concentration uersus time curve during the infusion period 
(AUCo-32) was obtained using the spline method on a desk-top com- 
puter6. The postinfusion area (AUC32--) was computed by dividing the 
plasma nitroglycerin concentration a t  32 min (C32) by the estimated 
elimination rate constant. The total area then was obtained from the 
sum: 


AUCo_, = A U C G ~ ~  + AUC32-- (Eq. 1) 


The apparent systemic clearance (Cl,) was calculated from: 
dose c1, =- 


AUCO-, 
and the apparent volume of distribution ( v d )  was computed as: 


(Eq. 2) 


(Eq. 3) 


An additional estimate of the systemic clearance of nitroglycerin was 
obtained from: 


Calculated 
Bottle h e -  Post- Infusion 


Concen- infusion infusion Concen- 
SubiectO tration SamDle SamDle tration 


3 22.2 21.3 27.4 24.4 
4 24.7 20.4 20.3 20.4 


5B 23.5 24.8 - 24Ac 
6 25.6 22.2 36.1 29.2 


5A 24.5 21.0 22.2 21.8 


~. ~ 


22.3 
22.5 


~~ 


19.7 
21.5 


23.2 21.4 
21.6 21.5 


b 
b 


9 23.4 24.4 - 24.4c 
18.1' 10 22.0 18.1 - 


Mean 23.4 22.6 25.2 22.8 
fSD 1.3 2.7 5.9 3.2 


for explanation. Concentration in preinfusion sample used. 
a Numbers arranged in chronological order of study. * Not determined see text 


RESULTS 


An in uitro experiment was conducted to determine whether the 
adopted regimen for the saturation of the infusion tubing was adequate 
in delivering a constant nitroglycerin concentration during dosing. Figure 
1 shows the results of two separate runs in which the infusion systems 
were presaturated as described and the concentration of nitroglycerin 
emerging from the infusion system during a simulated infusion was de- 
termined as a function of time. It is apparent that the procedure produced 
a relatively stable effluent nitroglycerin concentration during the 32 min 
of infusion. The infusion concentration calculated from the mean of the 
preinfusion and postinfusion samples appeared to represent the actual 
infusion concentration adequately. The mean of the absolute difference 


50 t 
INFUSION F 


A 


c -,,--o 


k 30 1 I I I 1 
Cl;  =o (Eq. 4) 0 20 40 60 80 


c32 MINUTES 
~ Figure 2-Plasma nitroglycerin concentrations after intravenous ad- 


Model 9825A, Hewlett-Packard, Fort Collins, Colo. ministration to Subjects 5B (.), 7 (O),  and 8 (A). 
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Table 11-Pharmacokinetic Data Obtained after Intravenous Nitroglycerin Infusion in Normal Subjects 


D cp =o k Apparent 


Subject pg/min Pg min-' min liters/kg liters/min/kg liter/min/kg Achieved 


Infusion 
CIS = - Steady State AUC' C32( 


Rate, Dose, K, t1/29 v d  7 


5B 
I 
8 
3 
4 
5A 
9 
6 


10 
Mean 
+SD 


18.9 
16.4 
16.5 
18.6 
15.5 
16.6 
18.6 
18.2 
21.5 
17.9 
1.8 


605 
524 
527 
596 
496 
531 
598 
584 
688 
573 
59 


0.52 1.3 1.7 
0.21 3.3 2.4 
0.19 3.7 2.9 
0.25 2.8 4.1 
0.18 3.8 5.2 
0.31 2.2 2.4 
0.31 2.2 4.1 


0.28 2.8 3.3 
0.12 0.9 1.2 


0.31 (29.8)" 
0.49 (37.7) 
0.54 (31.3) 
1.02 (73.4) 
0.94 (60.2) 
0.74 (71.0) 
1.03 (78.3) 


0.72 (54.5) 
0.28 (21.1) 


0.33 
0.43 ~ ~~ 


0.57 
0.67 
0.66 
0.47 
0.90 


0.58 
0.19 


Yes 
Yes 
Yes 
No 
N O  
No 
No 
.- 


.- 


(I Number in parentheses represents total body clearance (C1. X btdy weight). litei 


of each sample concentration from the calculated infusion concentration 
was 2.8 and 4.1% for Runs 1 and 2, respectively. 


Nitroglycerin concentrations in the infusion bottle, preinfusion, and 
postinfusion samples are shown in Table I. Analysis of variance (one way) 
showed that there was no statistical difference ( p  > 0.35) between these 
concentrations. Thus, the infusion system was apparently saturated with 
respect to adsorption, and the administered dose can be estimated from 
the infusion concentrations as described. 


Subject 1 experienced nausea and fainting after the test sublingual 
doses were administered and was excused from the intravenous study. 
Subject 2 was not affected by the sublingual doses but was so nervous 
during the intravenous study that blood samples could not be easily 
withdrawn. No pharmacokinetic data were obtained from this subject. 


Subjects 3-10 completed the study without any undesirable effects. 
Subject 5 was studied twice, separated by a period of 4 months. Inter- 
subject variability in plasma nitroglycerin concentrations was quite large. 
Based on the shape of the plasma nitroglycerin concentration versus time 
profile, the data can be conveniently divided into three groups. Group 
A included three profiles (Fig. 2) in which steady-state nitroglycerin 
concentration was apparently achieved. Group B consisted of four profiles 
(Fig. 3) in which no steady state was apparent. Group C included two 
profiles (Fig. 4) in which plasma nitroglycerin concentrations were 
fluctuating erratically such that pharmacokinetic analysis was impos- 
sible. 


's per minute. 


Table 11 s.ummarizes the individual data and the estimated phar- 
macokinetic parameters. The systemic clearance values were calculated 
according to both Eqs. 2 and 4. When an apparent steady state in plasma 
concentration was achieved during the infusion period, the two methods 
yielded essentially identical values. When an apparent steady state was 
not achieved, the value calculated by dose/AUC was always larger than 
that obtained by k,JC32. Irrespective of the calculation method, the 
systemic nitroglycerin clearance was extremely rapid (4 .3 -1  liter/ 
min/kg). The apparent volume of distribution a t  3.3 liters/kg a!so was 
high. Since plasma volume is -42 ml/kg (lo), the apparent volume of 
distribution for nitroglycerin was -80 times the plasma volume. 


Except in Subjects 6 and 10, nitroglycerin elimination was rapid; an 
average half-life of -3 min was observed. In several subjects, an apparent 
rebound in plasma nitroglycerin concentration occurred a t  -15 min after 
the infusion was stopped (Figs. 2-4). Fortunately, this phenomenon oc- 
curred generally after the washout elimination phase had gone through 
two or three apparent half-lives. Thus, pharmacokinetic analysis of the 
remaining infusion data could be performed without these later time 
points. 


600t  


50 


INFUSION 


30 0 20 40 60 80 30 i 0 20  MINUTES 40 60 
MINUTES 


Figure 3-Plasma nitroglycerin concentrations after intravenous ad- 
ministration to Subjects 3 ( O ) ,  4 (O),  5 A  (A), and 9 (X). 


Figure 4-Plasma nitroglycerin concentrations after intravenous ad- 
ministration to Subjects 6 (.) and 10 (A). 
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Table 111-Mean Heart Rate and Systolic and Diastolic Blood 
Pressure in Seven Normal Subjects following Intravenous 
Infusion of 0.6 mn of Nitronlscerin during 30 rnin 


Parameter Mean SD 


Preinfusion, control 67.7 14.0 
Postinfusion, maximum 75.4 14.9 
Postinfusion, minimum 61 :4 11.1 


Preinfusion, control 117.1 20.6 
Postinfusion, maximum 118.7 16.8 
Postinfusion, minimum 106.0 15.3 


Preinfusion, control 76.6 10.4 
Postinfusion, maximum 80.3 8.8 
Postinfusion, minimum 72.6 9.3 


Heart rate per minute 


Systolic blood pressure, mni/Hg 


Diastolic blood pressure, mm/Hg 


0 In two subjects, these parameters were monitored but not reported. 


In the early part of this study, the cannula used for infusion was re- 
moved from the subjects as soon as possible. This step was taken -15 rnin 
after cessation of the infusion. Initial data analysis suggested that removal 
of the cannula might be coincidental with the rebound in plasma drug 
concentrations. It was reasoned that manipulation of the cannula during 
removal might cause disturbance and release of tissue bound drug near 
the infusion site or of a small volume of infusion solution from the cannula 
into plasma, resulting in transient increases in plasma nitroglycerin 
concentrations. To test this hypothesis, Subject 5 was used again and 
Subjects 9 and 10 were studied without disturbing the infusion cannula 
during the entire postinfusion sampling period. Inspection of the re- 
spective plasma concentration profiles indicates that this procedure had 
no apparent effect, In fact, Subject 10 was one of the two subjects whose 
plasma kinetics showed the most fluctuation. In cases where the infusion 
cannula remained in place during the postinfusion sampling period, no 
postinfusion sample of the dosing solution was collected. 


The dose infused (0.6 mg over 0.5 hr) did not produce any significant 
changes in heart rate or systolic and diastolic blood pressures in the 
subjects (Table 111). 


DISCUSSION 


Plasma nitroglycerin kinetics are characterized by rapid disappearance 
and an apparently large plasma clearance. The plasma half-life of ni- 
troglycerin determined from this study (2.8 f 0.9 min, mean f SD) is in 
good agreement with values reported by Armstrong et al. (2 , l l )  for ar- 
terial samples after intravenous administration (1.9 min) and after 
sublingual nitroglycerin dosing (4.4 min). Recently, these authors also 
reported (12) a half-life of in uitro nitroglycerin degradation in human 
blood of -6 min at 37O. Therefore, in uiuo blood (plasma) elimination 
of nitroglycerin is at least a result of both blood degradation and organ 
metabolism, the latter most probably by the liver (13). 


The apparent plasma clearance determined in this study ranged from 
0.31 to 1.03 liters/min/kg, corresponding to values of total body clearance 
of 29.8-78.3.1iters/min. Although there are some methodological differ- 
ences among this study and previous ones (1,2), the apparent systemic 
clearance values determined from each of the three studies were all quite 
high (Table IV). 


The data of Armstrong et al. (2) require some additional comments. 
These authors utilized arterial samples, and preliminary reports (14,15) 
suggested that arterial nitroglycerin concentrations might be substan- 
tially higher than those found in peripheral veins. The somewhat lower 
systemic clearance values obtained by these authors are consistent with 
this suggestion. In addition, their patients were classified into two groups. 


Patients in Group 1 were generally responsive to hemodynamic man- 
agement with nitroglycerin infusion, while those in Group 2 seemed to 
be refractory to nitroglycerin treatment. Group 1 patients received a lower 
infusion rate than patients in Group 2 (15-94 uersus 59-440 pg/min, re- 
spectively) and showed higher ( p  < 0.005) systemic clearances (13.8 
versus 3.6 litedmin, respectively). Based on the infusion rate, it is per- 
haps more appropriate to compare results from the normal subjects in 
the present study with those of Group 1 patients from the previous 
study. 


Substantial intersubject variability in nitroglycerin kinetics was ob- 
served in the present study. The plasma nitroglycerin concentrations of 
Subjects 5B (second trial), 7, and 8 seemed to reach apparent steady state 
during the 32-min infusion. The good agreement obtained between Cl, 
values calculated from Eqs. 2 and 4 confirmed that steady state was 
achieved. The average clearance from these three subjects was 0.45 
liter/min/kg, which agreed well with a value of 28 litedmin (0.4 liter/ 
min/kg assuming an average body weight of 70 kg) reported previously 
(11) following sublingual nitroglycerin administration. 


In contrast, the plasma nitroglycerin concentrations of Subjects 3,4, 
5A (first trial), and 9 did not approach apparent steady-state values. In 
these cases, the clearance value estimated with the AUC was much larger 
than that calculated using k0/C32 and also larger than that found with 
the first group. This result suggests that a significant portion of the area 
may be unaccounted for in these subjects. The estimated plasma half- 
lives in these subjects, however, were not dissimilar from those found with 
the first group, nor were they substantially different from values of 4.4 
min reported after sublingual nitroglycerin (11) and of 1.9 min in arterial 
samples (2) after intravenous infusion. Nevertheless, a terminal dispo- 
sition phase that is below the present limits of detection possibly may 
exist. The presence of a prolonged @-phase is consistent with the lack of 
attainment of steady-state plasma concentrations in these subjects. 
However, Subject 5 behaved differently in two separate trials: in the first 
trial (5A), steady state was achieved while in the second trial (5B), it was 
not. This information suggests that plasma nitroglycerin kinetics could 
vary substantially. 


By using the apparent clearance values obtained, an apparent volume 
of distribution of 3.3 f 1.2 liters/kg (mean f SD)  can be estimated. By 
using a plasma volume of 42 ml/kg (lo), the amount of nitroglycerin re- 
siding in the plasma compartment can account for 1.3% of the total body 
load. Minor fluctuations in nitroglycerin content in the nonplasma (tis- 
sue) compartment, which may result from a host of internal and external 
stimuli, could cause dramatic fluctuations in plasma nitroglycerin con- 
centrations. In Subjects 6 and 10, such wide fluctuations in plasma ni- 
troglycerin concentrations occurred that no pharmacokinetic analysis 
was possible. Coincidentally, there was difficulty in placing the intrave- 
nous catheter in these two subjects. It is interesting to speculate that the 
release of endogenous substances after minor tissue damage may have 
some effect on the tissue distribution of nitroglycerin. 


Although this study was not designed to examine the hemodynamic 
response to nitroglycerin infusion in detail, no significant change was 
observed in the monitored parameters. This finding is not surprising in 
view of the small doses and low infusion rates employed. In fact, nitro- 
glycrin has been infused in normal subjects at rates as high as 200 wg/min 
with no significant adverse hemodynamic effect (16). 


The observation of apparent rebound and oscillations in plasma nitrate 
concentrations in some subjects is not unique to this study. A similar 
phenomenon (17) was recently reported following intravenous infusion 
of isosorbide dinitrate. Because of its extensive tissue distribution, rapid 
plasma clearance of nitroglycerin during the postinfusion period may lead 
to a nonequilibrium redistribution of tissue drug back to the plasma 
compartment. The situation may be analogous to that observed for serum 
procainamide concentrations in patients immediately after hemodialysis 
(18). In that case, rebound and oscillations of procainamide concentra- 


Table IV-Comparison of Study Methods and Pharmacokinetic Parameters Obtained among Three Investigations 


Wei and Reid (1) Armstrong et al. (2) Present 


Subjects Patients with acute myocardial infarction Patients with congestive heart failure Normal volunteers 
n 5 16 8 
Apparent infusion 37.5-175 15-440 15-22 


rate, pg/min 


clearance, literdmin 


half-life. min 


Blood sampling site Vein (unspecified) 
Calculated systemic 14-146 


Mean elimination - 


Radial artery 
7.0-24.7' 
0.9-6.4b 
1.9 


Antecubital vein 
29.8-78.3 


2.8 


a Responsive group as defined in Ref. 2. * Nonresponsive group as defined in Ref. 2. 
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tions were attributed to shifts of drug into and out of various body com- 
partments following drug clearance by hemodialysis (18). 


Finally, the very large apparent plasma nitroglycerin clearance ob- 
served in this and other studies (1,2) after intravenous administration 
warrants some comments. The apparent plasma clearance is not only 
greater than liver plasma flow but it also exceeds cardiac output. Physi- 
ologically, it is difficult to conceive how any drug can be cleared, in reality, 
faster than cardiac output. However, several possibilities might have led 
to the present experimental observation. 


First, the dose actually infused into each subject was substantially less 
than that used in the pharmacokinetic calculation. For the apparent 
plasma nitroglycerin clearance to equal cardiac output [-7 literdmin for 
a 70-kg man at rest (19)], the dose infused would have to be -10-25% of 
the dose used in calculation. This wide divergence in dose is considered 
unlikely because of the great care taken in the present study to minimize 
and account for drug adsorption in the infusion sets and because nitro- 
glycerin concentrations emerging at  the end of the infusion line were 
actually determined before and after infusion. 


Second, there is substantial nitroglycerin degradation in the blood itself 
due to spontaneous hydrolysis or enzymatic breakdown. Armstrong et 
at. (12) gave a t 1 / 2  of 6 min for in uitro nitroglycerin degradation in human 
blood at 37O. If it can be assumed that this half-life reflects in uiuo 
spontaneous blood degradation, the contribution of this process to the 
total apparent clearance will be 0.693/6 X 69 N 8.0 ml/min/kg [using a 
blood volume of 69 ml/kg of body weight (lo)], which is -1% of the total 
apparent clearance (Table 11). Even if the half-life of in uiuo blood deg- 
radation is assumed to be equal to the systemic in uiuo plasma half-life 
( t 1 / 2  = 3 min, Table 11), the maximum contribution of spontaneous blood 
degradation to the apparent clearance will still be only -270. 


Third, the AUC used in the calculation of clearance does not represent 
the total AUC; i.e., a much longer secondary or tertiary plasma half-life 
exists but cannot be experimentally determined because of assay limi- 
tations. However, in the present study the plasma nitroglycerin con- 
centrations in three subjects appeared to have reached steady state within 
the short infusion period of 15 min. In these subjects, a hidden and pro- 
longed half-life probably does not exist. 


Fourth, when the drug is infused into the systemic circulation, a 
first-pass removal process possibly may be present in the vascular bed 
so that the infused dose is not totally available to the systemic circulation. 
In other words, the vascular bed functions as a first-pass extraction tissue 
towards an intravenous dose of nitroglycerin in much the same way that 
the liver serves as a first-pass extraction organ for an oral dose. If this 
assumption is correct, then the apparent clearance values obtained will 
have to be corrected by an apparent bioavailability factor, which is less 
than unity. The demonstration of substantial differences in arterial uersus 
venous nitroglycerin concentrations (14,15) is not inconsistent with the 
hypothesis that blood vessels can clear nitroglycerin. Experiments con- 
ducted in rats (20) suggested that first-pass vessel uptake of nitroglycerin 
does occur. The apparent bioavailability factor, however, was not 
quantitated. The extent of the contribution of this phenomenon to the 
observed clearance value in humans also is unknown at  present. 


In conclusion, nitroglycerin kinetics in humans are characterized by 
apparent extensive tissue distribution and rapid plasma clearance. Be- 
cause of these factors, plasma nitroglycerin concentrations may be 
subjected to high intra- and intersubject variabilities. This does not 
necessarily mean, however, that the effects produced by intravenous 
nitroglycerin also may be highly variable. Indeed, data from this labo- 


ratory (20) suggested that the presumed target tissue of nitroglycerin, 
the blood vessels, has a much higher concentration of drug compared to 
plasma. The systemic pharmacological effects of nitroglycerin may be 
better related to drug concentrations in the hlood vessels than to those 
in plasma. Studies are in progress to characterize the pharmacokinetics 
of nitroglycerin in these presumed target tissues. 
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Abstract 0 The urine of male and female mice, rats, guinea pigs, rabbits, 
cats, and dogs, given meperidine hydrochloride, 20-40 mg/kg ip, was 
analyzed by GLC for meperidine, normeperidine, p-hydroxymeperidine, 
and total (free and conjugated) meperidinic and normeperidinic acids. 
More than 90% of the excreted drugs was found in the 24-hr urine. 
Meperidine was observed in the urine of mice, rats, guinea pigs, and cats, 
but only a trace amount was observed in the urine of rabbits and dogs. 
Normeperidine, p-hydroxymeperidine (except in the mice), and total 
meperidinic and normeperidinic acids were observed in all species. All 
of the species studied have the capacity to N-demethylate meperidine 
to normeperidine and to hydrolyze meperidine and normeperidine to 
their respective acids. The male has a higher N-demethylating activity 
than the female with the exception of mice. Ester hydrolysis is a major 
metabolic pathway for meperidine metabolism. 


Keyphrases Meperidine-metabolism, urinary excretion in mice, rats, 
guinea pigs, rabbits, cats, and dogs 0 Metabolites-of meperidine, uri- 
nary excretion in mice, rats, guinea pigs, rabbits, cats, and dogs Me- 
tabolism--of meperidine in mice, rats, guinea pigs, rabbits, cats, and dogs 
0 Excretion, urinary-meperidine and its metabolites in mice, rats, 
guinea pigs, rabbits, cats, and dogs 0 Analgesics-meperidine and its 
metabolites, urinary excretion in mice, rats, guinea pigs, rabbits, cats, 
and dogs 


Urinary disposition of meperidine and its metabolite, 
normeperidine, has been determined in humans (1-9) and 
monkeys (lo), but little information is available for other 
laboratory species. In two rats, 50% of the injected N- 
14C-labeled meperidine could be accounted for in the urine 
as radioactive material within 24 hr after subcutaneous 
administration (1 1). After administration of meperidine 
(125 mg/kg sc or 25 mg/kg iv) to rats, 3.7% of the dose was 
accounted for in the 24-hr urine as meperidine, 17% as 
normeperidine, and 11% as meperidinic acid (11). The 
major metabolites of meperidine are normeperidine and 
free and conjugated meperidinic and normeperidinic acids. 
Small amounts of other metabolites have been identified, 
including meperidine N-oxide (12), p-hydroxymeperidine 
(13), N-hydroxynormeperidine (141, and p -hydroxynor- 
meperidinel. The known metabolic pathways of meperi- 
dine are shown in Scheme I. 


The analgesic effect of meperidine appears to differ 
among species, a phenomenon that may be due to differ- 
ences in meperidine metabolism. Meperidine induces 
analgesia in mice (15-18), rats (19, 20), guinea pigs (21), 
cats (22), and humans (23) but not in dogs (24, 25). The 
present study was undertaken to investigate the differ- 
ences in meperidine metabolism among species. 


EXPERIMENTAL 


Chemicals-Meperidine hydrochloride2, normeperidine hydrochlo- 
ride*, p-hydr~xymeperidine~, and lidocaine hydrochloride4 were used 
as received. Meperidinic and normeperidinic acids were obtained by al- 


l S. Y. Yeh. unwblished data. * Sterling-Winihrop Co., Rensselaer, N.Y. 
Obtained from Professor C. Lindberg, Biomedical Center, University of 


Uppsala, Uppsala, Sweden. 
Astra Pharmaceutical Products, Worcester, Mass. 


kaline hydrolysis of their respective esters. Other chemicals and solvents 
were analytical grade. 


Animals-Animals were housed in air-conditioned quarters (23') with 
12-hr light and dark cycles. Food and water were given ad libitum. A dose 
of meperidine hydrochloride dissolved in 0.9% NaCl was administered 
intraperitonally to 28 male and 21 female Swiss Webster [Lai: Cox (Wi)] 
mice5, five male and five female Wistar [La? Cox (XW)] rats5, five male 
and four female Hartley albino guinea pig@, two male and two female 
New Zealand rabbits6, two male and two female cats, and one male and 
one female beagle dogs. These animals were chosen because they are 
commonly used in biological research. 


After drug administration, all animals except the mice were caged in- 
dividually in stainless steel metabolic cages. The mice were housed in 
groups of seven to 10 animals per cage. The mice, rats, guinea pigs, and 
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Table I-Meperidine and Its Metabolites Found in  Urine after Intraperitoneal Administration of Meperidine 


Meperidine 
Hvdro- 


Meano, Equivalent Administered Dose, % 
Total Total Total Drue 


Species and chioride, Collection Urinary Norme- p-Hydroxy- Meperidinic Normeperidinic Excreted- 
Sex (n) mg/kg Period, hr pH Meperidine peridine meperidine Acid Acid 24hr 48hr 


Mice 
Male (3) 40 


Female (3) 40 


Rats 
Male (5) 35 


Female (5) 35 


Guineapi s 
Male (27 70 


Male (3) 35 


Guinea pigs, 35 
female (4) 


Rabbits 
Male (1) 35 


Male (1) 35 


Female (2) 35 


Cats 
Male (2) 20 


Female (2) 20 


Dogs 
Male (1) 20 


Female (1) 20 


0-24 


24-28 


0-24 


24-48 


0-24 


24-48 


0-24 


24-48 


0-24 


24-48 


0-24 


24-48 


0-24 


24-48 


0-24 
24-48 
0-72 


0-24 


24-72 


72-96 


0-24 


2 4 4 8  


0-24 


24-48 


0-24 
24-48 
0-24 


24-48 


7-8 


7.5-8 


I 


7 


8-9 


8.5-9 


6.5-9.5 


8-9 


7.0-8.5 


7-9 


6.5-8.5 


8-9 


7-8.5 


7-9 


7 
8.5 
8.0 
8.5 
7.5-9 


8-9 


6.5-7 


6.5 


7 


6.5 


7 
7 
7.5 
7 


5.17c 
f0.23 


0.60 
f0.14 


3.42 
f0.46 


0.63 
f0.15 


5.95' 
f1.56 


0.13 
f0.03 
15.25 
f4.40 


0.45 
f O . l l  


0.89 
1.45 
0.54 
1.14 
1.40 


f0.59 
0.12 


f0.07 
2.19 


f0.14 
0.61 


f O . l l  


0.32 
0.12 
0.06 
0.01 
0.02 
0.04 
0.05 
0.09 


3.13 
13.62 
0.19 
0.20 
6.04 
9.52 
0.89 
1.37 


0.15 
0.00 
0.20 
0.00 


13.24c 
f1.87 


1.81 
f0.52 
20.51 
f2.80 


2.56 
f0.76 


23.13c 
f3.85 


1.57 
f0.24 
12.53 
f1.68 


2.08 
f0.37 


7.78 
14.47 
0.23 
2.67 


10.09c 
f2.06 


0.56 
f0.33 


4.45 
f0.66 


1.65 
f0.66 


2.17 
2.16 
2.65 
0.17 
0.20 
0.36 
0.71 
8.47 


3.13 
7.57 
1.40 
3.37 
3.91 
4.04 
2.47 
5.41 


1.77 
0.47 
2.06 
1.18 


d - 


- 


- 


- 


0.36 
fO.10 


0.38 
f0.08 


0.00 


0.11 
f0.07 


1.06 
0.00 
1.22 
0.00 
3.84 


f1.95 
0.78 


f0.41 
0.45 


f0.15 
0.21 


f O . l l  


0.26 
0.19 
0.13 
0.00 
0.00 


0.14 
0.32 


2.23 
2.74 
- 
- 
2.33 
3.20 
0.45 
0.48 


0.35 


0.32 
0.19 


- 


29.99 
45.66 


9.79 


33.671 
37.32 
4.29 


16.07 
f3.82 


2.08 
40.53 
12.34 
f5.33 


1.35 
f0.73 


16.40 
20.38 
0.53 
0.83 


16.21 
f5.75 


0.36 
f0.31 
40.55 
f8.14 


1.64 
f0.34 


18.22 
3.69 
6.34 
0.19 
0.30 
1.80 
4.27 


12.78 


46.56 
55.76 
4.79 
8.26 


52.74 
58.46 
25.17 
22.00 


73.91 
6.92 


69.08 
7.15 


0.78c 49.18 
f0.32 


2.81f 62.28 
3.30 
- 


4.1OC 49.25 
f0.65 


0.15 
f0.08 
12.06 


f1 .42  
0.46 


f0.05 


1.12 
1.50 
0.00 
0.18 
1.25 


f0.71 
0.01 


fO.01 
3.37 


f0.49 
0.56 


f0.12 


61.38 


70 


53.18 


52.18 56.52 


26.19 27.49 
37.78 42.60 


28.86 29.91 


50.56 55.02 


21.45 42.21 
5.24 


14.39 23.44 
0.15 
0.53 1.05 
3.00 4.84 
5.45 


12.07 


0.90 53.72 
2.21 79.16 
0.00 
1.08 
0.26 62.95 


53.42 


23.96 


15.58 
34.63 


60.1 
91.1 


91.7 
102.8 


1.48 75.54 
0.00 
1.18 72.32 
0.00 


84.70 


80.85 


0 Measures of variance where shown are f SE. * Twenty-eight male mice were divided into three groups of 10,10, and eight. Significantly different from the females 
Twenty-one female mice were divided into three groups of seven each. f The urine of the third a t  p < 0.05 level. 


group was insufficient for determination. 
Dashes indicate amounts below detectable limits. 


rabbits were deprived of food for 24 hr following drug administration, 
but water was given ad libitum. 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 drug 
analysis. 


Determination of Meperidine and Its Metabolites-Meperidine, 
p-hydroxymeperidine, normeperidine, and meperidinic and norme- 
peridinic acids were determined with a GLC procedure previously de- 
scribed (26). With lidocaine as the internal standard, free drugs were 
extracted with ether from the urine adjusted to pH 10. Upon evaporation 
of the extract to dryness, the residues were derivatized with trifluoroacetic 
anhydride. After removal of the excess derivatizing agent, the residue 
was dissolved in 50 pl of ethyl acetate (dried over calcium hydride), and 
1 p1 was injected into a gas-liquid chromatograph equipped with a Poly 
1-110 (1.8 m X 2 mm) column and flame-ionization detector. 


Total (free and conjugated) meperidinic and normeperidinic acids were 
determined as meperidine and normeperidine, respectively, after the 
sample was treated with ethanol-sulfuric acid. Meperidine and its me- 


tabolites were extracted from the urine as the free base but were con- 
verted to the percent equivalent of administered dose. 


RESULTS AND DISCUSSION 


Urinary excretion of meperidine and its metabolites in mice, rats, 
guinea pigs, rabbits, cats, and dogs is presented in Table I. The amount 
of meperidine (Fig. 1) observed in the urine of mice, rats, guinea pigs, and 
cats was significantly higher than that in the urine of rabbits and dogs. 
The amount of meperidine in the urine of mice, rats, guinea pigs, and cats 
was comparable to that of humans (1-9) and monkeys (10). This obser- 
vation appears to correlate well with meperidine analgesia reported be- 
tween species. Normeperidine, p-hydroxymeperidine (except in the 
mice), and total meperidinic and normeperidinic acids were observed in 
all species studied; these metabolites also were reported in humans (7, 
13). 


Urinary p H  affects excretion of meperidine and its metabolites in 
humans (6,7). Urine acidification increases the excretion of meperidine 
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Figure I-Urinary excretion of meperidine in the  mouse, rat, guinea 
pig, rabbit, cat, and dog after intraperitoneal administration of me- 
peridine. The  asterisk (*) indicates significantly different f rom the 
female at p < 0.05 leuel. 


and normeperidine, whereas very little of these compounds is excreted 
in alkaline urine. The recovery of meperidine and its metabolite, nor- 
meperidine, from 10 patients whose urinary pH was maintained at 
4.8-5.25 varied between 10 and 50 and 2 and 20%, respectively, of the 
administered dose. However, 1% of the administered dose was excreted 
in subjects whose urinary pH was maintained at >7.0. In the present 
study, the urinary pH of animals was not controlled. The physiological 
urinary pH of dogs and rabbits appeared in the same range as the other 
species studied. Therefore, the small amount of meperidine and nor- 
meperidine found in the dog and rabbit urine appears to be a metabolic 
effect and not due to urinary pH. 


The results indicate that all species studied have the capacity to N -  
demethylate meperidine to normeperidine (Fig. 2) and to hydrolyze 
meperidine and normeperidine to their respective acids (Figs. 3 and 4). 
With the exception of mice, meperidine excretion tended to be less in 
males than in females, and normeperidine and the sum of normeperidine 
and normeperidinic acids excretion tended to be greater. These data are 
consistent with the male having a higher N-demethylating activity than 
the female, with the exception of mice (27,28). The present data on i n  
uiuo meperidine metabolism between male and female rats also correlate 
well with those obtained in in uitro studies (29). 


The higher amount of normeperidine in the urine of mice, rats, and 
guinea pigs than in the urine of rabbits, cats, and dogs may reflect the 
further metabolism of normeperidine in the latter species. 


Although conjugated N-hydroxynormeperidine was identified in the 
urine of rats and guinea pigs (14), N-hydroxynormeperidine was not 
determined in the present study because the pure standard was not 
available. Under the conditions for the determination of conjugated 
meperidinic and normeperidinic acids, N-hydroxynormeperidine 
probably was converted to normeperidine and measured as such or it 
decomposed. 


The amount of meperidinic acid excreted in the urine of both sexes of 
the mouse, rat, guinea pig, cat, rabbit, and dog did not appear to be sig- 
nificantly different, suggesting that the esterase activity in both sexes 
may be equal. The ratios of meperidine to normeperidine excreted in 48 


&,=MEAN + S E  
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O = F E M A L E  


u 24 b 24 


HOURS 
Figure 2-Urinary excretion of normeperidine in  the mouse, rat, guinea 
pig, rabbit, cat, and dog after intraperitoneal administration o f  me- 
peridine. T h e  asterisk (*) indicates significantly different f rom the  
female at p < 0.05 leuel. 


RoG 


HOURS 
Figure 3-Urinary excretion of total meperidinic acid in  the mouse, 
rat, guinea pig, rabbit, cat, and dog after intraperitoneal administration 
of meperidine. 


hr in both sexes were less than one, whereas the ratios of total meperidinic 
acid to total normeperidinic acid ranged from 10 to 65. These data suggest 
that  meperidine may be metabolized more extensively than its metabo- 
lite, normeperidine. The normeperidinic acid ought to be derived from 
normeperidine since meperidinic acid does not undergo N-demethylation 
to normeperidinic acid (4). Similarly, it was observed that morphine was 
metabolized more extensively than normorphine in dogs (30). 


p-Hydroxymeperidine, a metabolite with mild analgesic effects, was 
observed in the urine of all species studied except mice (Table I). Free 
p-hydroxymeperidine varied among species and between sexes and ac- 
counted for 0.1-4% of the administered dose (Fig. 5). Conjugated p- 
hydroxymeperidine was not determined because the procedure is not 
optimal for its determination. 


In one study in male guinea pigs, the dose of meperidine in one group 
of animals was twice that in the other. The urinary excretion profile be- 
tween the two groups did not appear different. 


The dogs and cats excreted 80-100% of the administered dose as total 
drug in the 48-hr urine; the other species excreted 16-60% of the dose. 
From 80 to 90% of the excreted drug was found in the 24-hr urine. This 
finding confirms the observation of Way et al. (3) that  after meperidine 
administration to rats three times daily for several days, virtually no drug 
could be recovered from the animals 24 hr later. The amount unaccounted 
for could be due to N-hydroxy- and p-hydroxynormeperidine and me- 
tabolites excreted in the feces. Significant amounts of radioactivity have 
been found in the large intestine and feces of rats administered N-I4C- 
labeled meperidine (11). Gastric and biliary excretion of meperidine in 
humans also was observed (31). 


Meperidine induces analgesia in mice (15-18), rats (19,20), guinea pigs 
(21), cats7 (22), and humans (23), and some intact meperidine was ob- 
served in the urine of these species. In the dog, a large dose (which pro- 
duces toxic effects) is needed to induce mild analgesic effects (24, 25). 
Very little meperidine was observed in the dog urine. Meperidine could 
be substituted for morphine in the morphine-dependent monkey8 and 
humans (23) but not in dogs (24,25). 


The small amount of meperidine and normeperidine observed in the 
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Figure 4-Urinary excretion of total normeperidinic acid in the mouse, 
rat, guinea pig, rabbit, cat, and dog after intraperitoneal administration 
of meperidine. The  asterisk (*) indicates significantly different from 
the male at p < 0.05 leuel. 
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Figure 5-Urinary excretion of p-hydronymeperidine in the rat, guinea 
pig, rabbit, cat, and dog after intraperitoneal administration of me- 
peridine. 


,urine of rabbits and dogs is consistent with the mild analgesic effects of 
the drug in dogs. This finding suggests that these two species metabolize 
meperidine faster than other species, which is supported by the work of 
Peters et al. (10) on the hypothermic effect and urinary excretion of 
meperidine among strains of monkeys and the plasma half-life of me- 
peridine in dogs, humans, and monkeys. These researchers reported that 
the median analgesic dose of meperidine in the squirrel monkey (8.0 
mgkg) was -2.3 times that in the rhesus monkey (3.5 mgkg) (10). Rhesus 
monkeys excreted substantially higher fractions of the dose as meperidine 
than did squirrel monkeys. On the other hand, squirrel monkeys excreted 
a threefold higher fraction of the dose as normeperidine than did the 
rhesus monkeys. This result indicates that the squirrel monkey meta- 
bolizes meperidine faster than the rhesus monkey. The plasma half-lives 
of meperidine in humans and monkeys are 3.0 and 1.8 hr, respectivelyg 
(32-34), significantly longer than the plasma half-life (0.5 hr) in the dog 
(4,35). 


Among the metabolites, normeperidine and p-hydroxymeperidine were 
reported to have analgesic effects with low potency (15,16,19), whereas 
meperidinic and normeperidinic acids had no analgesic effects (4). The 
potency ratio between meperidine and normeperidine in mice was 1:0.7 
(15,16), whereas the ratio between meperidine, normeperidine, and p -  
hydroxymeperidine in rats on a molar basis was 1:0.33:0.07 (19). If the 
amount of meperidine and normeperidine excreted in the urine reflects 
the relative amount of meperidine and normeperidine present in the body 
and brain, it is possible that normeperidine plays a role in the analgesic 
effect of meperidine because of its relatively high analgesic potency and 
high percentage excretion. The relationship between meperidine anal- 
gesia and the brain concentration of meperidine and normeperidine in 
different species administered varying doses of the drug by different 
routes requires further study. 


In summary, after intraperitoneal administration of 20-40 mg of me- 
peridine hydrochloridekg to mice, rats, guinea pigs, cats, and dogs, >% 
of the excreted drugs was found in the 24-hr urine. The amounts of 
meperidine observed in the urine of mice, rats, guinea pigs, and cats were 
significantly higher than those observed in the rabbits and dogs. This 
observation appears to correlate well with the meperidine analgesia re- 
ported in these species. Normeperidine, p-hydroxymeperidine (except 
in the mice), and total meperidinic and normeperidinic acids were ob- 
served in all species. All species studied have the capacity to  N-de- 
methylate meperidine to normeperidine and to hydrolyze meperidine 
and normeperidine to their respective acids. The male has a higher N -  
demethylating activity than the female, with the exception of mice. Ester 
hydrolysis is a major metabolic pathway for metabolism of meperi- 
dine. 
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Abstract 0 The interaction of a series of ligand molecules, all consisting 
of substituted benzoic and nicotinic acid derivatives, and povidone was 
studied. The influence of ionic strength, buffer concentration, and tem- 
perature was evaluated using factorial analysis. Complex formation was 
not affected a t  low ionic strength, but increased considerably at  higher 
values due to dehydration of the macromolecule. Complex formation was 
enhanced in phosphate solutions, particularly in the presence of dibasic 
phosphate ions. A linear relationship was found between the logarithm 
of the percentage of bound ligand and ionic strength and buffer ca- 
pacity. 


Increasing the temperature lowered complex formation. Although 
dehydration of the macromolecule also occurred, the decrease in complex 
formation could be attributed to the solubility increase of the ligand 
molecules. The influence of the degree of dissociation of the ligand 
molecules was investigated by factorial analysis. The compounds mainly 
interacted to a lesser extent in the dissociated than in the nondissociated 
state. In addition, a negative effect of a pyridine ring with respect to a 
phenyl ring was observed. The binding tendency was markedly increased 
by substituting the aromatic ring structure with hydroxyl functions and 
by esterification of the carboxyl function attached to the ring. The results 
suggested that lipophilicity and hydrogen bonding played a predominant 
role in povidone complexation. 


Keyphrases 0 Povidone-interaction with aromatic compounds, 
evaluation of complex formation by factorial analysis Complexa- 
tion-evaluation of povidone-aromatic compound interaction by factorial 
analysis Factorial analysis-evaluation of complex formation, povi- 
done-aromatic compound interaction Aromatic compounds-inter- 
action with povidone, evaluation of complex formation by factorial 
analysis 


The influence of parameters such as ionic strength, 
temperature, and buffer concentration and composition 
on the complex formation between small ligand molecules 
and macromolecules such as povidone has not yet been 
investigated systematically (1-9). However, the influence 
of these parameters is important for meaningful compar- 
isons between the complexing tendencies of related ligand 
molecules (10) and for understanding the binding and 
thermodynamic characteristics involved (11-16). 


The present report deals with a factorial analysis of 
these parameters. 


EXPERIMENTAL 


Reagents-Povidone' with a molecular weight of 700,000 was used 
as the macromolecule and was oven dried at  50" until a constant weight 
was reached. The following ligand molecules were investigated: benzoic 
acid2, nicotinic acid3, isonicotinic acid2, salicylic acid4, nicotinamide2, 
salicylamide2, benzoic acid hydrazide5, nicotinic acid hydrazide6, isoni- 
cotinic acid hydrazide4, iproniazide phosphate7, salicylic acid hydrazide6, 
4-hydroxysalicylic acids, 5-hydroxysalicylic acid4, 5-nitrosalicylic acid8, 


1 Kollidon K90, BASF, Brussels, Belgium. 
U.C.B., Brussels, Belgium. 
B. D. H., Poole, England. 


4 Merck, Darmstadt, West Germany. 
Schuchardt, Munchen, West Germany. 
Aldrich, Beerse, Belgium. 
Serva, Heidelberg, West Germany. 
Merck-Schuchardt, Munchen, West Germany. 


methyl salicylate*, and ethyl salicylate2. 
The following buffer solutions were used hydrochloric acid-potassium 


chloride buffers (17) a t  pH 1.0 and 1.93, MacIlvaine buffers (18) a t  pH 
2.20-5.60, a phosphate buffer (17) a t  pH 7.00, a boric acid-disodium te- 
traborate buffer a t  pH 7.20 (19), and a boric acid-sodium hydroxide 
buffer (17) at pH 9.20. The solutions were brought to a determined ionic 
strength with sodium chloride. [Sodium chloride does not complex with 
povidone (6).] The pH of the solutions was controlled with a potentio- 
metric pH measurementg and adjusted if necessary. 


To control the influence of buffer ions two kinds of buffer solutions 
were used: the normal buffers are denoted by 1 and those with half the 
normal capacity are indicated as 0.5. 


Methods-Complex Formation Using Factorial Analysis-Complex 
formation of the ligand molecules and povidone was investigated by ul- 
trafiltration as previously described (10). The povidone concentration 
was 4.0%, and the ligand concentrations varied from 1.33 X loT3 to 1.00 
X M ,  depending on their solubility a t  the pH values used. The 
complexing tendency expressed as percent of bound ligand (B%) was, in 
the ranges used, independent of the ligand concentration. The concen- 
tration of free ligand in the filtrate was determined, after appropriate 
dilution, with a double-beam spectrophotometerlo a t  the respective A,,, 
of the ligands. Corrections were made for possible membrane adsorption, 
and the percentage of bound ligand was calculated as a measure of the 
complexing tendency. For each sample, these values were obtained at  two 
levels of the three parameters studied (i.e., ionic strength, buffer com- 
position, and temperature) and investigated by factorial analysis (10, 
20-22). 


For the binding of ligand molecules a t  pH 1.0, only ionic strength and 
buffer composition were investigated. At pH 7.00, for 4-hydroxysalicylic 
acid and 5-nitrosalicylic acid, only the temperature and buffer compo- 
sition were investigated. 


Complex Formation at Varying Ionic Strengths-The effect of ionic 
strength was determined in a series of solutions containing 1.00 X 
M salicylic acid and 4.0% povidone in MacIlvaine buffer (18) (pH 2.20). 
Ionic strength varied from 0.15 to 6.00. 


Complex Formation a t  Varying Buffer Concentrations-The effect 
of phosphate buffer (pH 7.00) was investigated for three ligand molecules 
by varying the buffer concentration from 0.0500 to 0.00834 M ,  expressed 
as dibasic phosphate ions. 
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Figure 1-Effect of ionic strength on the complexing tendency of sal- 
icylic acid (1.00 X M) onto pouidone (4.0%) a t  25' and pH 2.20 


Radiometer, Copenhagen, Denmark. 
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Table I-Complex Formation of Various Cosolutes with 
Povidone (4.0%) as a Function of Ionic Strength at 25" and 0.5 
Buffer 


Table 11-Complex Formation of Various Cosolutes with 
Povidone (4.0%) as a Function of the Buffer Concentration 
Using Low Ionic Strength 


Ionic Strength 
Low Level High Level Signifi- 


Bound Bound cant 
Ligand, Ligand, Dif- 


Cosolute pH p % p % ference 


Benzoic acid l .Oa  0.15 
.3.40b 0.25 
5.00b 0.25 


Nicotinic acid 5.606 0.32 
Isonicotinic acid 5.606 0.32 
Salicylic acid 1.0" 0.15 


2.20b 0.15 
3.80b 0.15 
7.OOc 0.25 


Salicylamide 5.00b 0.25 
7.20d 0.15 
9.20e 0.15 


Salicylic acid hydrazide 7.OOc 0.25 
4-Hvdroxvsalicvlic acid 1.0" 0.15 - " -  


2.226 0.25 
4.226 0.25 


5-Hydroxysalicylic acid 1.0" 0.15 
1.93a 0.25 
3.936 0.25 


5-Nitrosalicylic acid 1.30a 0.15 
3.30b 0.25 


34.3 
30.0 
11.9 
6.3 
8.3 


47.7 
46.8 
42.7 
44.0 
34.6 
32.7 
10.7 
33.1 
72.2 
71.4 
61.9 
59.0 
58.2 
51.3 
25.5 
38.1 


0.30 
0.50 
0.50 
0.50 
0.50 
0.30 
1.00 
1.00 
0.50 
0.50 
0.30 
0.30 
0.50 
0.30 
0.50 
0.50 
0.30 
0.50 
0.50 
0.30 
0.50 


34.7 0 
30.1 0 
11.8 0 
6.3 0 
8.1 0 


48.1 0 
52.9 + 
41.8 0 
44.1 0 


32.7 0 
10.9 0 
33.9 0 
72.4 0 
71.3 0 
62.0 0 
59.0 0 
58.2 0 
51.3 0 
25.5 0 
38.1 0 


34.8 o 


0 Hydrochloric acid-potassium chloride buffer. * MacIlvaine buffer. Phosphate 
buffer. d Boric acid-disodium tetraborate buffer. Boric acid-sodium hydroxide 
buffer. 


Desoluating Effect of Temperature on Macromolecule-Solutions 
of povidone in different solvents were slowly heated, and the cloud point 
was determined. 


RESULTS AND DISCUSSION 


Factorial Analysis-Factorial analysis was carried out as described 
previously (10). The three parameters were each investigated at a low and 
high level: temperature, 25 and 50'; buffer concentration, 0.5 and 1.0 and 
low or high ionic strength, depending on the buffers used. 


With the data resulting from the ultrafiltration experiments, i.e., the 
percentage of bound ligand, analyses of variance were carried out and 
the significance of the individual parameters was evaluated with an F 
test (10). Results are summarized in Tables 1-111. 


Interaction between parameters were not observed except for salicylic 
acid at pH 2.20 where a significant relative positive interaction was ob- 
served between temperature and ionic strength. 


In Tables 1-111, the significance value for a 99% certainty level was 
indicated as 0, +, or -, corresponding with a zero, positive, or negative 
significant influence on complex formation when the respective factor 
was changed from a low to a high level. 


Preliminary studies found that some derivatives showed no interaction 
with povidone. They are included in Table IV (the effects of the param- 
eters were not investigated with them). 


t 1 


0.01 0.02 0.03 0.04 
HPO:-, M 


Figure 2-Effect of phosphate ions (pH 7.00) on the complexing ten- 
dency of various cosolutes onto pooidone (4.0%). Key: 1, salicylic acid 
(5.00 X 
M), 25', p = 0.25; 3, 4-hydroxysalicylic acid (4.81 X M), 50°, f i  = 
0.25; and 4,5-nitrosalicylic acid (4.81 X 


M), 25", f i  = 0.25;2,4-hydroxysalicylic acid (4.81 X 


M), 25', f i  = 0.25. 


Percent 
Bound Signifi- 
Ligand, cant Percent 


Temper- Buffer Differ- Differ- 
Cosolute ature pH 0.5 1.0 ence ence 


Benzoic acid 


Nicotinic acid 


Isonicotinic acid 


Salicylic acid 


Salicylamide 


Salicylic acid 
hydrazide 


4-Hydroxysalicylic 
acid 


5-H ydroxysalicylic 
acid 


5-Nitrosalicylic 
acid 


Methylsalicylate 
Ethylsalicylate 


25' 
25' 
50' 
25' 
50' 
25' 
50' 
25' 
50' 
25' 
25' 
50' 
25' 
50' 
25' 
50" 
25' 
50' 
25' 
50' 
25' 
50' 
25' 
50' 
25' 
25' 
50' 
25' 
50' 
25' 
50' 
25" 
25' 
50" 
25' 
50' 
25' 
25' 
25' 
50' 
25' 
25' 


1.oa 34.3 
3.40b 30.0 
3.406 31.7 
5.00b 11.9 
5.00b 10.2 
5.60b 6.3 
5.60b 4.2 
5.606 8.3 
5.606 6.3 
1.0" 47.7 
2.20b 46.8 
2.206 43.9 
3.80b 42.7 
3.80b 36.3 
7.WC 44.0 
7.OOc 36.9 
5.00b 34.6 
5.00b 32.5 
7.20d 32.7 
7.20d 27.3 
9.20e 10.7 
9.20e 7.5 
7.GC 33.1 
7.OOc 30.6 
1.0" 72.2 
2.226 71.4 
2.22b 61.6 
4.22b 61.9 
4.22b 51.4 
7.00r 64.5 
7.OOc 49.7 
l .On 59.0 
1.93" 58.2 
1.93a 52.3 
3.93b 51.3 
3.93b 39.1 
1.30n 25.5 
3.30b 38.1 
7.OOc 466 


34.2 
30.0 
31.7 
11.8 
10.2 
6.7 
4.4 
8.0 
6.3 


48.3 
47.0 
45.0 
42.6 
36.4 
51.2 
42.1 
35.1 
32.6 
33.0 
27.3 
10.7 
7.6 


34.0 
31.5 
72.6 
71.4 
61.9 
62.0 
51.5 
68.6 
54.2 
59.5 
58.2 
52.4 
51.4 
39.1 
25.5 
38.2 
53.9 
49.8 7.WC 41.9 


88.lf 8?:3c 
95.5f 91.1c f g  


0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 + + 
0 
0 
0 
0 
0 
0 + + 
0 
0 
0 
0 
0 + + 
0 
0 
0 
0 
0 
0 
0 + + 
n 


16.4 
14.1 


2.7 
2.9 


6.4 
9.1 


15.7 
17.7 


a Hydrochloric acid-potassium chloride buffer. MacIlvaine buffer. c Phosphate 
buffer. Boric acid-disodium tetraborate buffer. Boric acid-sodium hydroxide 
buffer. f Water. g Since a little difference in free ligand concentration exerts a great 
influence on the percentage of bound ligand, the difference for the two levels is not 
significant. 


Theory of Multiple Equilibrium-The principles and concepts of 
complex formation with macromolecules were delineated previously (1 1, 
23-30). 


Ionic Strength-Table I gives the results for the influence of ionic 
strength studied at two levels, a t  a temperature of 25' and a buffer con- 
centration of half the normal buffer capacity. 


With the experimental conditions used, ionic strength had no signifi- 
cant effect on complex formation of the cosolutes. However, for salicylic 
acid at pH 2.20, a significant positive effect was observed when the ionic 
strength was changed from 0.15 to 1.00 ( p  > 0.001). At this pH, a relative 
positive interaction was also noted between ionic strength and temper- 
ature (0.01 < p < 0.001), although this last factor exerted a negative effect 
when considered individually (see effect of temperature). This effect of 
ionic strength is represented in detail in Fig. 1. 


Complex formation as a function of ionic strength is represented in 
three ways: the ratio of bound to free ligand concentration (BIF) ,  the 
percentage of bound ligand (B%), and the logarithm of bound ligand (log 
B%). 


Ionic strength has a great positive influence since the amount of bound 
ligand rose with a factor of 1.8 from p = 0.15 to 4.00. At higher ionic 
strength (>4.00) the macromolecule precipitated. 


It was previously reported (31-38) that neutral salts enhance complex 
formation with nonionic macromolecules. This activity was attributed 
to the dehydrating effect of the salt making the water molecules less 
available for hydrogen bonding with the macromolecules, thereby de- 
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Table 111-Complex Formation of Various Cosolutes with 
Povidone (4.0%) as a Function of Temperature  Using Low Ionic 
Strength and  0.5 Buffer 


1 ooo 


W 
K 
2 
I- 


5 50°-  
n 
I 
W 
I- 


a Cosolute 


Bound 
Ionic Ligand, % Significant 


pH Strength 25" 50" Difference 
~ 


Benzoic acid 


Nicotinic acid 
Isonicotinic acid 
Salicylic acid 


Salicylamide 


Salicylic acid 
hydrazide 


4-Hydroxysalicylic 
acid 


5-Hydroxysalicylic 


5-Nitrosalicylic acid 
Methyl salicylate 
Ethyl salicylate 


acid 


3.40" 
5.00" 
5.60" 
5.60" 
2.20" 
3.80" 
7.00b 
5.00" 
7.20" 
9.20d 
7.00 


2.22" 
4.22" 
7.00b 
1.93n 
3.936 
7.00" 
Water 
Water 


0.25 30.0 
0.25 11.9 
0.32 6.3 
0.32 8.3 
0.15 46.8 
0.15 42.7 
0.25 44.0 
0.25 34.6 
0.15 32.7 
0.15 10.7 
0.25 33.1 


0.25 71.4 
0.25 61.9 
0.25 64.5 
0.25 58.2 
0.25 51.3 
0.25 46.6 


88.1 
95.5 


31.7 + 
10.2 - 


- 4.2 
6.3 


43.9 
36.3 
36.9 
32.5 
27.3 
7.5 


30.6 


61.6 
51.4 
49.7 
52.3 
39.1 - 


- 
- 
- 
- 
- 
- 
- 
- 


- 
- 
- 
- 


41.9 
88.1 
94.6 


- 
0 
0 


0 MacIlvaine buffer. Phosphate buffer. Boric acid-disodium tetraborate 
buffer. Boric acid-sodium hydroxide buffer. 


creasing the aqueous solubility of the polymer and favoring the competing 
ligand polymer interaction. The precipitation of povidone observed a t  
higher ionic strength (>4.00) indicated that this parameter effectively 
exerted a dehydrating effect on the macromolecule. 


From the results represented in Fig. 1, the following relationships could 
be deduced: 


(Eq. 1) logR% = a p  + b 


or: 


(Eq. 2) 


The values a and b ,  determined from the slope and intercept of Fig. l c  
were 0.068 and 1.655, respectively. 


Together with the macromolecule dehydration, which is a logarithmic 
function of the ionic strength (39), the percentage of bound ligand in- 
creased as an exponential function of ionic strength until precipitation. 
From the log R% graph as a function of the ionic strength, it was possible 
to eliminate the effect of this parameter by extrapolation to the ordinate. 
An increasing complexing tendency at  higher ionic strength was observed 
with hydrophobic binding and Van der Waals forces. 


Buffer Concentration-The influence of buffer concentration, 
studied at  two levels, is reported in Table 11. 


No significant effect was noted with hydrochloric acid-potassium 
chloride buffer (pH l.O), boric acid-disodium-tetraborate buffer (pH 
7.20), boric acid-sodium hydroxide buffer (pH 9.20), or the MacIlvaine 
buffer (pH 2.20-5.60). 


For the compounds investigated at  pH 7.00 in phosphate buffer, a large 
positive effect of the buffer concentration was observed. Doubling the 
concentration of the buffer ions considerably enhanced complex for- 
mation: 16.4% for salicylic acid, 6.4% for 4-hydroxysalicylic acid, 15.7% 
for 5-nitrosalicylic acid, and 2.7% for salicylic acid hydrazide a t  25'. 


A t  the investigated pH values, the MacIlvaine buffer was composed 
mainly of monovalent phosphate and citrate ions. The phosphate buffer 
(pH 7.00) consisted of monobasic (61.9%), and dibasic ions (30.1%). Thus, 
the dibasic phosphate ions presumably affected the complexing ten- 
dency. 


This enhancement in complex formation with bivalent ions can per- 
haps be explained in terms of macromolecule dehydration. This pre- 
sumption is supported by the fact that the salting-out effect is a function 
of size and the hydration state of the ions (11). The pronounced dehy- 
drating effect of bivalent phosphate ions was emphasized in an earlier 
experiment (see effect of temperature). 


The effect of phosphate buffer was also investigated for three ligand 
molecules (Fig. 2). The logarithm of the percentage of bound ligand as 
a function of the buffer concentration showed a linear relationship. The 
intercept, obtained by extrapolation to the ordinate, represented the log 
percentage of bound ligand a t  infinite dilution, thereby eliminating the 


t 
1 


O O I .  - 00; 
1 2 3 4  0.300 0.600 


@ LOG p 


Figure 3-Cloud point of t h e  povidone (4,0%)-salicylic acid (1.00 X 
M) complex as a function of temperature a t  p H  2.20. Key: 1, cloud 


point; 2, precipitation; and 3, cloud point. 


effect of the buffer. These values represented 38.8% of bound ligand for 
salicylic acid; 60.0 and 47.9%, respectively, a t  25 and 50' for 4-hydroxy- 
salicylic acid; and 40.6% for 5-nitrosalicylic acid. Comparison of these 
results with those of Table I1 shows that the complexing tendency of 
salicylic acid and 4-hydroxysalicylic acid was lowest a t  pH 7.00 where the 
two ligand molecules were fully dissociated. However, 5-nitrosalicylic 
acid seemed to have a higher complexing tendency onto povidone a t  
higher pH values. 


Ionic strength (Table I), had no effect on complex formation, and the 
effect,s of buffer concentration and ionic strength were compared. For 
both parameters, a linear relationship was found between the logarithm 
of the percentage of bound ligand and the ionic strength and huffer ca- 
pacity. 


Temperature-The effect of temperature was evaluated by factorial 
analysis carried out a t  25 and 50". Binding diminished significantly a t  
the higher temperature (Table 111). However, an exception was noted for 
benzoic acid a t  pH 3.40. The same effect was found for this compound 
in the nonionic state with povidone" (5). Methyl and ethyl salicylate also 
did not influence complexation. 


Thermal energy would be expected to exert two antagonistic effects 
on complex formation. By thermal desolvation of the polymer chain, a 
more suitable environment for the interaction with the ligand molecules 
would be expected. However, thermal agitation might. also decrease the 
association of the ligand molecules with the polymer by weakening the 
attractive forces between them (31, 40). It is the authors' opinion that 
another effect must be considered; temperature also enhances the solu- 
bility of the ligand molecules, probably decreasing the complexing ten- 
dency. 


The results of the desolvating effect of temperature on povidone are 
given in Table V. No cloud point could be obtained with povidone solu- 
tions in water, ethanol, and 20% (v/v) ethanol when the solutions were 
heated to 100". However, the solutions containing salts became clouded 
by temperature elevation, suggesting dehydration of povidone by salt. 
This effect, most pronounced with bivalent phosphate ions, could explain 
the positive effect of these ions on complex formation. 


The same experiment was performed on the solutions represented in 
Fig. 1, and the results are shown in Fig. 3. 


The cloud point and precipitation occurred a t  lower ionic strength as 
the temperature increased. This finding is in accordance with the relative 
positive interaction noted between ionic strength and temperature. When 
representing the logarithm of the ionic strength as a function of tem- 
perature where the solutions are clouded, a linear relationship is observed 
(Fig. 3). These results were also indicative of the dehydrating effect of 
temperature. When the clouded solutions were cooled, turbidity disap- 
peared with the exception of the solution heated to 100" ( p  = 1). 


Effect of pH and Substituents-The results obtained from factorial 
analysis (Tables I and 11) indicated that ionic strength and buffer con- 
centration had no influence on complex formation. Therefore, it is pos- 
sible to discuss in a more meaningful way the influence of pH and dis- 
sociation of ligand molecules on complex formation. An exception was 
observed at pH 7.00, where the buffer effect was considerable (Table 11). 
At  this pH, the extrapolated values from Fig. 2 were used, representing 
the percentage of bound ligand at  infinite buffer dilution and excluding 
the effect of the buffer. 


The results for the different ligand molecules as a function of their pKa 
values and degree of dissociation are summarized in Table IV. The 


l 1  Koliidon K30, RASF, Brussels, Belgium. 
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Table IV-Complex Formation of Various Cosolutes in Percentage of Bound Ligand with Povidone (4.0%) as a Function of pKa and 
pH at 25" Using Low Ionic Strength and 0.5 Buffer 


Cosolute 
pKa 


Cosolute 
PH 
1 .0 


pKa Cosolute PH 
-1.00 -0.80 +0.80 +1.00 7.00 


Benzoic acid 
Nicotinic acid 
Isonicotinic acid 
Salicylic acid 


- - 4.2" 34.3 - 30.0 11.9 
4.83" 0.0 - 1.0 6.3 


0.0 - 0.8 8.3 
2.97" 47.7 - 46.8 42.7 - 38.7b 
4.84" 


- - 
- - 


4-Hydroxysalicylic acid 3.22" 72.2 71.4 
5-Hydroxysalicylic acid 2.93" 59.0 58.2 
5-Nitrosalicylic acid 2.30" - 25.5 
Methyl salicylate - - - 
Ethyl salicylate - - - 


- 61.9 60.3 
- 51.3 - 
- 38.1 40.2 
- - 87.3 
- - 91.1 


Nicotinamide 
Salicylamide 


- 0.0 - 0.0 - 0.0 
- 


3.35c 
8.20d 34.6e 32.7 - - 10.7 


- - 6.2 - - 11.6 
- 0.0 


Benzoic acid hydrazide 3.27f 
0.0 0.0 


- 0.0 
Nicotinic acid h drazide 3.63c 


- 0.0 Iproniazid phosphate - 0.0 
Salicylic acid hydrazide - 0.0 - - - 33.1 


- - 
- - Isonicotinic acidihydrazide 3.8lC 0.0 0.0 


- - - 
- 


a pKa = carboxyl function. Extrapolated values for 4.0% povidone. pKa = nitrogen of pyridine ring. pKa = hydroxyl function. p H  5.00.1 pKa = hydrazide func- 
tion. 


Table V-Cloud Point of Povidone Solutions as a Function of Temoerature 


Grams of 3 M NaCl 3 M NaCl 3 M NaCl 
Povidone + 25 ml 20% (v/v) 3 M NaCl in 20% (v/v) + 0.12 M HzPO; + 0.12 M HPOi- 


of Solvent Water Ethanol Ethanol in Water Ethanol in Water in Water 


1.0 
2.0 
3.0 
5.0 
6.0 
7.5 


no no no 83 O 90" 
no no no 83" 90" 
no no no 83" 90" 
no no no 84" 94O 
no no no 85" 98" 
no no no - - 


78" 
79" 
79" 
80' 
83" 
- 


73" 
74O 
75" 
76" 
76' 
- 


compounds generally interacted to a lesser extent when dissociated than 
when undissociated. Exceptions were noted for nicotinic acid, isonicotinic 
acid, and 5-nitrosalicylic acid. 


The low interaction tendency of the dissociated compounds could be 
attributed to their more hydrophilic nature. For the carboxylic acid de- 
rivatives, the complexing tendency followed the series: salicylic acid > 
benzoic acid > nicotinic acid N isonicotinic acid. The same order was 
observed for the amide derivatives (salicylamide > nicotinamide) and 
the hydrazide derivatives (salicylic acid hydrazide > benzoic acid hy- 
drazide > nicotinic acid hydrazide = isonicotinic acid hydrazide = 
iproniazide phosphate = no interaction). 


A large negative influence of the pyridine ring with regard to the 
henzene ring was striking. Where henzoic acid, in the undissociated state 
(pH l.O),  showed complex formation of 34.3% and benzoic acid hydrazide 
(pH 7.00) showed complex formation of 11.6%, no interaction was noted 
for the pyridine derivatives. The introduction in the molecular structure 
of a hydroxyl function enhanced the complexing tendency; e.g., compare 
salicylic acid with 47.7% of bound ligand against benzoic acid with 34.370, 
and salicylic acid hydrazide with 33.1% of bound ligand against henzoic 
acid hydrazide with 11.6%. A second hydroxyl function enhanced complex 
formation considerably; e g . ,  compare 4-hydroxysalicylic acid and 5- 
hydroxysalicylic acid with 72.2 and 59.0%, respectively, of bound ligand 
against salicylic acid with 47.7%. However, the introduction of a nitro 
function decreased the interaction (5-nitrosalicylic acid < 5-hydroxy- 
salicylic acid). 


The position of the substituents on the benzene ring also played an 
important role; i .e.,  4-hydroxysalicylic acid showed a higher complexing 
tendency than the 5-hydroxy derivative. Esterification of the carboxyl 
function with a methyl or ethyl function enhanced the interaction con- 
siderably. The alkyl chain length seemed to have a positive influence 
[ethyl salicylate (91.1 R%) > methylsalicylate (87.3 B%).] The negative 
effect of a nitro group as compared with a hydroxyl function was also 
observed by Jurgensen Eide and Speiser (5). In the case of the bulky nitro 
group, steric hindrance should play a role. The difference in interaction 
between 5-hydroxysalicylic acid and 4-hydroxysalicylic acid could be due 
to the higher solubility of the 5-hydroxy derivative in contrast to the 
4-hydroxy derivative, accompanied by a decreased complexing tendency. 
However, a correlation between solubility and complex formation had 
exceptions. The solubility of 5-nitrosalicylic acid was much lower than 
t,hat of the 5-hydroxy derivative. While the latter showed a higher com- 


plexing tendency, the same statement could be made for 5-hydroxysali- 
cylic acid and salicylic acid, with the former showing a greater solubility 
and a more pronounced complexing tendency. The increasing complexing 
tendency of compounds in the dissociated state containing hydroxyl 
groups indicates that hydrogen bonding must play an important role in 
the interaction. 


Moreover, the difference in complex formation between undissociated 
and respectively dissociated ligand molecules was not important; e.g. ,  
for salicylic acid, the complexing tendency only decreased from 47.7 to 
38.7 B%. Also, for 4-hydroxysalicylic acid and 5-hydroxysalicylic acid, 
the decrease in the percentage of ligand bound when going from the un- 
dissociated (pH 1.0) to the dissociated state (pH 7.00) was not very im- 
portant. The correlation between degree of complexing tendency and pH 
and pKa of the drug and partition coefficients is being investigated. 
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Polymorphism of Spray-Dried Microencapsulated 
Sulfamethoxazole with Cellulose Acetate Phthalate and 
Colloidal Silica, Montmorillonite, or Talc 
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Abstract Sulfamethoxazole was microencapsulated with cellulose 
acetate phthalate and talc, colloidal silica, or montmorillonite clay by 
a spray-drying technique. The surface topography of the products varied 
with the type of excipient used and the pH of the suspending medium. 
The products without the excipient were coated with flake-like crusts, 
while the products containing the excipient tended to become well- 
rounded spheres. In addition, the crystalline form of sulfamethoxazole 
converted from Form I to an amorphism and Form I1 during the spray- 
drying process. This polymorphic transformation was attributed to the 
interaction of cellulose acetate phthalate with sulfamethoxazole. In- 
creasing the concentration of cellulose acetate phthalate in the formu- 
lation increased the attainment of amorphism. Form I1 was also obtained 
by freeze and vacuum drying. Talc was the only excipient that contributed 
to polymorphism, which occurred in the alkaline suspension medium. 
Montmorillonite products prepared from the acidic medium exhibited 
an exothermic differential scanning calorimetry thermogram, which 
might be interpreted in terms of adsorption of the fused sulfamethoxazole 
with the internal surface of montmorillonite. 


Keyphrases Microencapsulation-sulfamethoxazole, spray drying 
with cellulose acetate phthalate and colloidal silica, montmorillonite, or 
talc, polymorphism Polymorphism-microencapsulation of sulfa- 
methoxazole, spray drying with cellulose acetate phthalate and colloidal 
silica, montmorillonite, or talc 0 Sulfamethoxazole-microencapsulated, 
polymorphism, spray drying with cellulose acetate phthalate and colloidal 
silica, montmorillonite, or talc 


The appropriate selection of the most suitable poly- 
morphic form of medicaments with high thermodynamic 
activities frequently is the key to improving bioavailability 
or preventing caking in an aqueous vehicle. 


The polymorphic form of a compound depends on the 
nature of crystallization, i .e. ,  the type of solvent used, the 
temperature of crystallization, etc. It has been documented 
that polymorphism occurs during spray drying. Fell and 
Newton (1) produced spray-dried lactose that was a mix- 
ture of a-monohydrate, a-anhydrous, and ,&lactose forms. 
Kawashima e t  al. (2) reported that spray-dried sodium 
salicylate was polymorphic, composed of normal crystals 
and amorphisms. Another study (3) showed that the 
crystalline form of spray-dried sulfamethoxazole with 
cellulose acetate phthalate converted from Form I to Form 
I1 and an amorphism. 


The present study examined the effects of cellulose ac- 
etate phthalate and excipients such as colloidal silica, talc, 
and montmorillonite clay on polymorphism. Tests were 
performed by freeze drying and vacuum drying at 70’ 
using the same formulations as for spray drying. Another 
microcapsule of sulfamethoxazole with cellulose acetate 
phthalate was prepared by the coacervation method of 
Merkle and Speiser (4) as a reference to test polymor- 
phism. 


EXPERIMENTAL 
Preparat ions of Microcapsules and Agglomerates-Sulfa- 


methoxazole’ (50 g) and cellulose acetate phthalate2 (10-50 g) were dis- 


Shionogi Pharmaceutical co., Japan. 
Kishida Chemical Co., Japan. 
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Abstract a A method for obtaining N-P-D-glucopyranosylthioureas was 
found in the aminolysis of N- (2,3,4,6-tetra-0-acetyl-~-D-glucopyra- 
nosyl)-5-aralkylidenerhodanines. Aminolysis of the triacetylated or tri- 
benzoylated ribosylrhodanines generally did not give ribosylthioureas 
but resulted in glycosidic cleavage, although N-(2,3,5-tri-O-benzoyl- 
6-D-ribofuranosy1)thioureas were obtained using morpholine and hy- 
droxylamine. Ring closure of N-p- D-glucopyranosylthiourea with ethyl 
bromopyruvate gave ethyl 2-(N-~-~-glucopyranosyl)aminothiazole- 
4-carboxylate, and ammonolysis led to the corresponding 4-carboxamide. 
Antimicrobial screening against five microorganisms showed that N- 


(2,3,5-tri-O-acetyl-~-D-ribofuranosyl)rhodanine and the glucosylami- 
nothiazole-4-carboxylate had the broadest spectrum of inhibitory ac- 
tivity, although the thioureas usually showed inhibition of some organ- 
isms. 


Keyphrases N-  Glycosylthioureas, rhodanines, and 2-aminothia- 
zoles-synthesis, screened for antimicrobial activity n Glucopyrano- 
sylthioureas-synthesis, screened for antimicrobial activity Antimi- 
crobial activity-N-glycosylthioureas, N-glycosylrhodanines, and N- 
glycosyl-2-aminothiazoles 


A method for obtaining N-  0- D-glucopyranosylthiourea 
in good yield was previously reported (1). It involved the 
ammonolysis in methanol of N-  (2,3,4,6-tetra-O-acetyl- 


~-~-glucopyranosyl)-5-aralkylidenerhodanines (I), re- 
sulting in deacetylation, ring cleavage, and formation of 
the thiourea (11). Fischer (2) synthesized tetra-0-acetyl- 


0 


I 


b,CCH3 


0 


C-C=CH-C6H5 
II 


I ,  + 
N ~ N .  1 


c-s 
\I 
S 


-I- 


Br 


C=CH 


0,CCH3 
I 


v 
Scheme I-Glycosylation of rhodanine and 5-benzylidenerhodanine (TMS = trimethylsilyl). 
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Scheme 11-Aminolysis of glycosyl-5-benzylidenerhodanines. 


glucopyranosylthiourea from tetra-0-acetylglucopyra- 
nosylisothiocyanate and ammonia and obtained the de- 
acetylated product in good yield. Other investigators uti- 
lized the Fischer procedure to obtain deacetylated gluco- 
pyranosylthioureas but got only poor yield (3) or none at  
all (4). Fusion of glucose and thiourea resulted in a very low 
yield of glucopyranosylthiourea (5). 


A logical extension of this reaction is the use of amines, 
in place of ammonia, to obtain N-substituted glucopyra- 
nosylthioureas. Such compounds have potential as anti- 
bacterial, antiviral, and anticancer agents. A number of 
thioureas have demonstrated activity as antiviral (6,7) and 
as antibacterial-antifungal (8,9) agents. Rhodanine and 
its derivatives have shown antibacterial (10) and antifungal 
(11) activities, as well as antiviral activity against Echo- 
virus 12 (12) and activity as inhibitors of neuraminidases 
(13). To provide compounds with anticancer potential, 
attempts were made to prepare ribosyl derivatives of both 
rhodanine and the thioureas; ring closure of the glucosyl- 
thiourea to glucosylthiazoles also was performed. 


DISCUSSION 


Chemistry-The glycosylrhodanines (I and 111) were synthesized by 
glycosidation of 5-benzylidenerhodanine sodium salt with either 
2,3,4,6-tetra-0-acety~-a-D-g~ucopyranosy~ bromide or 2,3,5-tri-0- ben- 
zoyl-D-ribofuranosyl bromide in acetone or acetonitrile. Yields of 6,5-82% 
were obtained. Another procedure, particularly useful for obtaining ri- 
bosylrhodanines, involved reaction of a silylated rhodanine with either 
2,3,5-tri-O-acetyl-P-~-ribofuranosyl bromide or l-O-acetyl-2,3,5-tri- 
0- benzoyl-P-D-ribofuranose in the presence of stannic chloride. With 
unsubstituted rhodanine, 92 and 93% yields of the triacetyl (IV) and 
tribenzoyl (V) derivatives were realized, respectively; with the 5-ben- 
zylidene derivatives, 57 and 65% yields were obtained, respectively. Si- 
lylation was carried out using hexamethyldisilazane, chlorotrimethylsi- 
lane, and toluene. The glycosylation reactions are shown in Scheme I. 


Aminolysis of N- (2,3,4,6-tetra-O-acetyl-~-D-glucopyranosyl)-5-ben- 
zylidenerhodanine was carried out using an excess of various amines in 
methanol in a pressure bottle a t  room temperature for 1-4 days. Yields 
of 41-92% of the glucosylthioureas were obtained (Table I). The by- 
products, a-mercaptocinnamyl amides (13) and acetamides, were sepa- 
rated by column chromatography where fractional recrystallization was 
unsuccessful. The Rf  values for the thioureas and the by-products are 
listed in Table 11. Aminolysis of N- (2,3,5-tri-O-benzoyl-P-D-ribofura- 
nosyl)-5-benzylidenerhodanine was attempted with several amines, using 
the same procedure. Ribosylthioureas were not obtained, apparently 
because of the instability of the glycosidic linkage. In the case of mor- 
pholine, however, N-(2,3,5-tri-0-benzoyl-~-~-ribofuranosyl)morpho- 


line-4-thiocarboxamide (VI) was isolated. When this compound was 
treated with methanolic ammonia, cleavage of the glycosidic linkage was 
again observed, and morpholine-4-thiocarboxamide was isolated. An 
N- (2,3,5-tri-0-benzoyl-~-D-ribofuranosyl)thiourea was also isolated on 
reaction with hydroxylamine and triethylamine, but the ethoxythiourea 
was the product. Aminolysis of N- (2,3,5-tri-O-acetyl-P-~-ribofurano- 
syl)-5-benzylidenerhodanine and N-(2,3,5-tri-O-acetyl-P-D-ribofura- 
nosy1)rhodanine using several amines again resulted in glycosidic 
cleavage. Aminolyses are shown in Scheme 11. 


The N-P-D-glucopyranosylthiourea prepared from I (R = benzylidene) 
and methanolic ammonia was treated with ethyl bromopyruvate to give 
ethyl 2-(N-~-~-glucopyranosyl)aminothiazole-4-carboxylate (VII) in 
a 92% yield (Scheme 111). Ammonolysis of this compound in methanol 
gave the corresponding 4-carboxamide (VIII). 


IR spectra of the glucosylthioureas revealed broad, hydrogen-bonded 
hydroxyl groups at  3300-3500 cm-' and the appearance of NH at  
1520-1570, C=S at  1060-1080, and a P-glycosidic linkage at  890-920 
cm-'. The characteristic acetylglucopyranosylrhodanine peaks at 1750 
(acetyl C=O), 1675-1700 (rhodanine C+), and 1240 (C=S) cm-'were 
absent. The PMR spectra showed an absence of acetyl hydrogens in the 
1.9-2.1-ppm region. A peak for the anomeric proton appeared at 5.07-5.40 
ppm (J  = %9 Hz), which also indicated a @-configuration (14). The NH 


S 
II HOCH, +, NH-C-NH, 


HO w 
BrCH,CCOC,H, 111 


OH 


VII 


OH 
VIII 


Scheme Ill-Synthesis of 2- (g1ucosyl)aminothiazote.s. 
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Table I-Physical Properties of N-8-D-Glucopyranosylthioureas 


Melting Yield, 
Formula Point % 


[ffE 
(Solvent) 


Analysis, % 
Calc. Found R 


207-209' dec. 87 -34.85' (water) 34.92 C 35.29 
H 5.92 6.20 


11.54 N 11.76 
S 13.46 13.38 


40.34 C 40.14 
H 6.86 6.76 


183-184' dec. 70 -4.40" (dimethyl- 
formamide) 


N 10.40 9.94 s 11.90 11.75 
C 42.29 42.57 
H 7.74 7.66 


106109' dec. 81 -11.0' (water) 


N 8.96 8.87 
S 10.26 10.34 
C 46.87 46.40 
H 7.83 7.68 
N 8.41 8.42 
S 9.63 9.60 


45.95 C 46.41 
H 7.19 7.09 


94-96' dec. 80 -15.4" (water) 


NHCHzCH=CHz -25.8' (water) 95-97' dec. 


97-100' dec. 


87-89' dec. 


82-85' dec. 


83-84' dec. 


44 


64 


78 


73 


62 


N 8.33 8.18 s 9.53 9.36 
C 52.83 52.69 
H 6.78 6.56 


NHCHZC~HS -19.1" (water) 


N 7.28 7.21 
8.10 S 8.30 


C 52.62 52.35 -19.0' (water) .~ 


H 6.48 6.42 
7.90 N 8.18 


S 9.36 9.61 
-20.3' (water) C 50.27 50.35 


H 6.19 6.14 
N 7.82 7.69 . .. 


S 8.96 9.13 
C 46.35 46.31 
H 5.28 5.40 
c1 9.77 9.63 


NHCH,--@-CI +6.2' (dimethyl- 
formamide) 


N 7.72 7.77 
S 8.84 8.88 c 49.47 50.00 
H 6.23 5.92 
N 7.21 7.06 
S 8.25 8.35 


45.95 C 46.41 
7.09 H 7.19 


N 8.33 8.18 s 9.53 9.36 
44.94 C 44.84 


7.20 H 7.21 
N 13.07 12.97 
S 9.98 10.13 


40.54 C 40.48 
H 6.80 6.69 
N 8.56 8.58 
S 9.82 9.65 
C 40.72 40.54 


6.38 H 6.21 
N 8.63 8.31 
s 19.77 19.44 


105' dec. 


95-97' dec. 


92 


44 


NHCH+WH, -1.3" (methanol) 


-25.8' (water) 


A 
N-N-CH, 175-177' dec. 50 -12.2' (water) 


NnO 
U 


r7 
N S  
U 


179-181' 79 -8.2' (dimethyl- 
formamide) 


148-151' dec. 40 +3.05' (dimethyl- 
formamide) 


glycoside peak appeared at 7.25-8.40 ppm (J = 8 Hz) and was replaceable 
with deuterium oxide. 


The ribosylrhodanines and ribosylthioureas gave the expected IR 
absorptions, with benzoyl C=O stretching frequencies appearing at  
1725-1730 cm-' for the benzoylribose compounds and acetyl C=O 
stretching appearing at  1750 cm-' for the acetyl derivatives. The C=S 
stretching vibration appeared a t  1230-1270 cm-' in the rhodanine ring 
and at 1110-1115 cm-' in the thioureas. The C=O stretching vibration 
in the ribosylrhodanines was at 1720-1740 cm-', a higher frequency than 
that for the C=O of the 5-substituted rhodanines (1675-1700 cm-'). 


The most characteristic PMR peaks of the ribosylrhodanines were of 
the benzylidene CH or 5-CHz of the rhodanine ring, appearing as singlets 
at 7.67-7.78 or 3.90-4.19 ppm, respectively. The anomeric proton was seen 
as a doublet ( J  = 2-4 Hz) a t  6.15-6.77 ppm. The anomeric proton of the 
ribosylthioureas was found as a broad singlet a t  5.80-5.86 ppm, and the 
NH glycosidic proton appeared at  8.40-9.10 ppm. In general, the p-gly- 


cosidic linkages of heterocyclic ribosides have been observed (15) rather 
than the a-forms. The three protons on C-4 and C-5 of the ribose ring 
overlapped as a multiplet at 3.57-4.70 ppm. 


The anomeric proton of the glucosylaminothiazoles was unclear in the 
PMR spectrum. The NH proton appeared at  8.20 ppm (J = 8 Hz), and 
the C-5 proton of the thiazole ring was seen as a singlet a t  7.30-7.62 ppm. 
The methylene protons of the glucosyl moiety appeared as a multiplet 
a t  3.50 ppm. 


Antimicrobial Activity-Antimicrobial activities were observed by 
the agar plate screening method using Staphylococcus aureus, Esche- 
richia coli, Pseudomonas aeruginosa, Candida albicans, and Aspergillus 
niger. These organisms represent a Gram-positive and two Gram-nega- 
tive bacteria, a yeast, and a mold, respectively. Compounds showing some 
inhibitory activity were then measured by the serial tube dilution method 
previously described (1) to obtain minimal inhibitory concentrations 
(Table 111). 
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Most prepared compounds showed inhibitory activity against S. au- 
reus. All glucosylthioureas showing inhibitory activity were derived from 
primary amines, except those prepared from piperidine and dimethyl- 
amine, indicating that antimicrobial activity tends to decrease as the 
degree of substitution on the thiourea nitrogen increases. 


A good percentage of the compounds were inhibitory to C. albicans 
and A. niger, N-P-D-glucopyranosyl-N'- butylthiourea being the most 
active against these organisms. Ethyl 2-(N-~-D-gh1copyranosy~)ami- 
nothiazole-4-carboxylate showed inhibitory activity against four or- 
ganisms, comparable to that from rhodanine, but not against A. niger. 
The glucosylthioureas derived from diethylamine, N-methylpiperazine, 
morpholine, and thiomorpholine did not show any antimicrobial activity. 
This result could be due to poor solubility, except in the case of diethyl- 
amine. 


Among the ribosylrhodanines and ribosylthioureas, none of the ben- 
zoyl-protected compounds revealed any activity. N-(2,3,5-Tri-O-ace- 
tyl-O-l,-ribofuranosyl)rhodanine was active against all five organisms, 
however, possibly because of in uiuo hydrolysis of the acetyl groups. The 
corresponding 5-benzylidene derivative was active against only S. aureu.9 
and C. albicans. 


The best activity of the compounds reported here was shown by N -  
(2,3,5-tri-O-acetyI-P-D-ribofuranosyl)rhodanine, which had comparable 
activity to that of rhodanine ibelf. Nearly as broad antimicrobial activity 
was found with ethyl 2-(N-@- D-glucopyranosyl)aminothiazole-4-car- 
boxylate, which showed comparable activity against four organisms and 
slightly better activity against S. aureus than rhodanine itself. The 
thioureas generally were inhibitory against two or three of the five or- 
ganisms observed. 


EXPERIMENTAL' 


Glucopyranosylthioureas: N-8-D-Glucopyranosyl-N'-butyl- 
thiourea - A'- (2,3,4,6-Tetra-O-acetyl-~-D-glucopyranosyl)-5-(3,4-di- 
methoxybenzy1idene)rhodanine (1) (1 g, 0.0016 mole) was added to a 
solution of n-butylamine (1.08 g, 0.016 mole) in 50 ml of methanol in a 
pressure bottle. The reaction mixture was stirred a t  room temperature 
for 20 hr with the pressure bottle well closed. The mixture was filtered, 
and the filtrate was evaporated to dryness in uacuo below 30". 


The residue was dissolved in the minimum amount of acetone and 
stored at 5' for 18 hr. The white precipitate was filtered, washed with 
acetone, and dried in uacuo at  room temperature, yielding 0.426 g (SWo), 
mp 94-96' dec.; [o]g -15.4' (c. 0.54); IR (KBr): 3500-3300 (OH, NH), 
3100 (NH), 1550 (NH), 1080 (C-S), and 900 @-form) cm-l; NMR (di- 
methyl sulfoxide-cf6 + DzO): 6 5.07 (d, H1, J = 8 Hz), 3.52 (m, 2H6), 3.17 
(m, NCH2), 1.40 (m, 4H, CH~CHZ),  and 0.96 (m, 3H, CHs) ppm. 


Anal.-Calc. for CllH22N20$3 - %(CH3)&O: C, 46.87; H, 7.83; N, 8.41; 
S, 9.63. Found: C, 46.40; H, 7.68; N, 8.42; S, 9.60. 


Ethyl 2 4  N-~-D-Glucopyranosyl)aminothiazole-4-carboxylate 
Hydrobromide-Ethyl bromopyruvate (8.99 g, 0.047 mole) was added 
to a suspension of N-P-D-glucopyranosylthiourea (10 g, 0.042 mole) in 
120 ml of hot ethanol, and the mixture was heated for 30 min. The re- 
sulting solution was evaporated to dryness in uacuo, and the residue was 
crystallized from ethanol-acetone, filtered, and dried in uacuo at  room 
tem erature, yielding 16.03 g (91.9%) of white powder, mp 162-163' dec.; 
(a]#-48.4' ( c ,  1.1); IR (KBr):  3500-3300 (OH, NH), 3160 (NH),  1725 
(C==O), 1090 (O-ring), and 895 @-form) cm-'; NMR (dimethyl sulfox- 
ide-ds): 6 7.62 (s, H5), 6.09 (bs, OH, NH), 4.24 (q, CHz), 3.51 (m, 2H6'), 
and 1.30 (t, CH:J ppm. 


Anal.-Calc. for C I ~ H ~ ~ N ~ O ~ S .  HRr: C, 34.71; H, 4.61; N, 6.75; S, 7.72. 
Found: C, 34.88, H, 4.71; N, 6.72; S, 7.92. 


2- ( N-~-~-Glucopyranosyl)aminothiaaole-4-car~xamide-~thyl 
2-~N-~-~-glucopyranosyl)aminothiazole-4-carboxylate hydrobromide 
(4.15 g, 0.01 mole) was added to a solution of methanol (50 ml) saturated 


Meltin points were determined in capillaries with a Mel-Temp block and are 
uncorrectet!. IH absorption spectra were recorded with a Perkm-Elmer 457A grating 
spectrophotometer. NMR spectra were determined with a Varian T60spectrometer 
with tetramethylsilane as the internal standard. Optical rotations were measured 
with a Perkin-Elmer 241MC polarimeter and a Carl & i s  polarimeter. Elemental 
analyses were performed by Dr. F. B. Strausa, Oxford, England. TLC wax carried 
out on Eastman silica gel plates with fluorescent indicator or alumina plates. For 
the glycosides, an efficient solvent system was n- butanol-acetone-water (451) .  


Rhodanine, the amines, 1,2,3,5-tetra-O-acetyl-~-1)-ribofuranose, 1-0-acetyl- 
2,3,5-tri-0-benzoyl-~-D-ribofuranose, 1,1,1,3,3,3-hexameth Idisilazane, chloro- 
trimethylsilane, and stannic chloride were supplied by Aldricg Chemical Co. Silica 
gel and alumina for column chromatography were supplied by Fisher Scientific Co. 
Anhydrous ammonia, hydrogen bromide, and dimethylamine were obtained from 
Matheson Gas Products. The amines were purified by distilling with zinc powder 
prior to use. Solvents were dried with 3- or 4-A molecular sieves. 
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Tab le  II-Rf Values for Reactants and Products in the 
Synthesis of Glucosylthioureas a 


~~~ ~~ ~ ~ 


R1 Values 
'Rhodanine Thiourea Cinnam- Acet- 


Amine Derivativeb Derivative amide amide 


0.72 
0.94c 
0.91 
0.86 
0.87 
0.88 
0.87 
0.90 


0.81 


0.91 


0.82 


0.85 


0.84 


0.89 


0.87 


0.41 0.67 
0.10' 0.27' 
0.50 0.71 
0.65 
0.72 0.62 
0.71 0.56 . .~ 


0.76 0.53 
0.75 0.56 


0.65 0.49 


0.67 0.83 


0.54 0.74 


0.66 


0.15 


0.57 


0.56 
0.83c 
-. 


0.33 
0.27 


0.31d 


0.41 0.31 


0.72 0.69 0.18d 


Solvent system: acetone-butanol-water (54:l); silica gel plate. * N-(2.3,4,6- 
Tetra-0-acetyl-~-~-glucopyranosyl)-5-benzylidenerhodanine. Aluminum oxide 
plate. R/ value of amine. 


with ammonia at 0' in a pressure bottle. The mixture was stirred a t  room 
temperature for 48 hr in the stoppered bottle and then evaporated to 
dryness in uacuo. The residue was mixed with a small amount of ethyl 
acetate and chromatographed on a silica gel column (2.54 X 20 cm) using 
acetone as the first solvent (300 ml) and methanol as the second (300 
ml). 


The methanol effluent was concentrated to 75 ml, and ethyl acetate 
(500 ml) was added. The creamy-yellow precipitate was filtered and dried 
in uucuo a t  room temperature, yielding 2.77 g (76%). mp 96' dec.; [a]$' 
-22.2' ( c ,  1.4); IR (KBr): 3500-3300 (OH, NH), 1660 (NH), 1080 @-ring), 
and 895 (@-form) cm-'; NMR (dimethyl sulfoxide-ds): 6 8.20 (d, IGH, J 
= 8 Hz),7.30 (s,H5),and 3.50 (m, 2H6')ppm. 


Anal.-Calc. for C10H15N306S a 2H20 l/zC2HsOH: C, 36.26; H, 6.09; 
N, 11.53; S, 8.80. Found: C, 36.41; H, 5.72; N, 11.92; S, 8.84. 


N-(2,3,5-Tri- 0-acetyl-8-D-ribofuranosy1)rhodanine-To a sus- 
pension of rhodanine (1.34 g, 0.01 mole) in toluene (25 ml), hexameth- 
yldisilazane (4 ml, 0.02 mole) and chlorotrimethylsilane (10 ml, 0.08 mole) 
were added. The mixture was refluxed 2 hr with exclusion of moisture. 
I t  was filtered, and the filtrate was evaporated to a syrup in uacuo. A 
solution of 2,3,5-tri-0-acetyl-D-ribofuranosyl bromide (16) (3.2 g, 0.01 
mole) in acetonitrile was added at  O', along with molecular sieves (8-12 
mesh, 1 g) and stannic chloride (0.29 ml, 0.0025 mole) in acetonitrile (10 
ml). The mixture was stirred a t  0' for 3 hr and filtered, and the filtrate 
was evaporated to a syrup. 


This syrup was dissolved in chloroform (50 ml) and filtered. The 
chloroform solution was washed with 10% potassium iodide solution (50 
ml) and water (50 ml). The resulting solution was dried (sodium sulfate), 
evaporated to a thin syrup, and dried below 25' in uacuo, yielding 3.61 
g (92%) of amorphous material; [a18 +34.9' ( c ,  1.86, chloroform); IR 
(KRr): 1750 (C=O), 1380 (ring CH2). 124&1220 (C=S), and 890 (0-form) 
cm-'; NMH (chloroform-d,): 6 6.37 (d, HI', J = 3.5 Hz), 5.80 (m, H2'), 
5.45 (m, HY), 4.30 (m, 3H4',5'), 3.95 (s, 2H5), and 2.15 (9H, s, 3CH3) 
PPm. 


Anal.-Calc. for ClrHI~NO&: C, 42.96; H, 4.38; N, 3.58; S, 16.38. 
Found: C, 42.76; H, 4.43; N, 3.71; S, 16.08. 
N-(2,36-Tri-O-acetyl-8-~-ribofuranosyl)-5-benzylidenerhodan- 


he-A solution of 1,2,3,5-tetra-O-acetyl-@-D-ribofuranose (3.18 g, 0.01 
mole) in dry methylene chloride (20 ml) was added at -60' to dry 
methylene chloride (40 ml) saturated with dry hydrogen bromide. The 
mixture was protected from moisture and allowed to warm to room 
temperature, The solvent was removed in uacuo below 30°, and the res- 
idue was evaporated with dry toluene (20 ml). 







Table 111-Antimicrobial Activities 


Minimum Inhibitory Concentration, M 
S. E.  P. C.  A. 


aureus coli aeruginosa albicans niger R 


B 


NHCNH, 


S 


II 


II 


I1 


II 


II 


II 


NHCN(CH,), 
S 


NHCNH(CH,hCH, 


S 


NHCN HCH,CH= CH, 


S 


NHCNHCH&H, 


S 


NHCNH(CH2)&H, 
S 


10-2 


- 


10-3 


- 


10-4 


10-2 


10-3 


10-4 


- 


10-3 


- 


10-4 - 


- 


10-2 


10-3 


10-2 


- 


10-3 


- 


10-2 


S 


10-3 10-2 10-2 


S 


10-2 10-2 


10-2 


10-4 


10-3 


10-3 


- 


10-3 


- 


10-3 


0 
II 


N l  
'c-S 
II 


,C--CH2 


S 


10-3 10-3 10-2 10-3 10-3 


0 
I1 


N I  
\--S 


,C-C=CHC,H, 
10-3 


10-3 


- 


10-3 


- 


10-3 


- 10-2 


10-3 10-2 


II 
S 


Rhodanine 


The sodium salt of 5-benzylidenerhodanine was prepared by adding 
5-benzylidenerhodanine (2.21 g, 0.01 mole) to a suspension of sodium 
hydride (0.24 g, 0.01 mole) in anhydrous ether (40 ml) (prepared from 
57% sodium hydride oil suspension by removing mineral oil with hexane 
under nitrogen). The mixture was stirred at  room temperature until no 
hydrogen was evolved. The solvent was removed by evaporation, and the 
residue was dried in uacuo. 


To a suspension of the sodium salt of 5-benzylidenerhodanine (2.43 
g, 0.01 mole) in acetonitrile (70 ml) was added a solution of 2,3,5-tri-O- 
acetyl-D-ribofuranosyl bromide (16) (3.39 g, 0.01 mole) in acetonitrile 
(30 ml), followed by 7 g of molecular sieves (8-12 mesh). The mixture was 


stirred at room temperature for 4 days. The insoluble material was filtered 
and washed with acetonitrile, and the combined filtrates were evaporated 
in uacuo below 30'. The residue was dissolved in chloroform (50 ml), and 
the solution was washed with 10% potassium iodide solution (20 ml) and 
water (40 ml), dried (sodium sulfate), and evaporated to a thin syrup. 


The residue was dissolved in the minimum amount of methanol and 
chromatographed on an alumina column (neutral, 2.54 X 20 cm) with 
methanol as the eluant. The fast moving component was collected (150 
ml) and evaporated to dryness. The residue was dissolved in the minimum 
amount of 95% ethyl alcohol and stored at  -20", and the crystals were 
collected and dried in uacuo at  room temperature, yielding 2.76 g (57%), 
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mp 89-92'; [a]E -78.5' (c, 2.42, chloroform); IR (KBr): 1750 (C=O), 
1250-1220 (C=S), 900 (@-form), and 780 (=CH) cm-l; NMR (chloro- 
form-dl): 6 7.67 (s,  =CH), 7.45 (s,5H, aromatic), 6.52 (d, Hl', J = 3 Hz), 
5.95 (m, H29, 5.65 (m, H3'), 4.35 (m, 3H4',5'), and 2.15 (9H, s, 3CH3) 
PPm. 


Anal.-Calc. for C21H21NOSSz: C, 52.60; H, 4.41; N, 2.92; S, 13.37. 
Found: C, 52.41; H, 4.63; N, 2.83; S, 13.23. 
N-(2,3,5-Tri-0-benzoyl-~-~-ribofuranosyl)rhodanine-T0 a 


suspension of rhodanine (0.64 g, 0.005 mole) in toluene (20 ml), hexa- 
methyldisilazane (2 ml, 0.01 mole) and chlorotrimethylsilane (5 ml, 0.04 
mole) were added. The mixture was stirred at  65" for 2 hr with exclusion 
of moisture. It was then filtered and evaporated to a thin syrup. A solution 
of l-O-acety1-2,3,4-tri-O- benzoyl-@-D-ribofuranose (2.52 g, 0.005 mole) 
in ethylene dichloride (10 ml) was added, and stannic chloride (0.44 ml, 
0.0037 mole) in ethylene dichloride (10 ml) was added dropwise with 
stirring at 0". The mixture was diluted with 15 ml of ethylene dichloride, 
and the resulting mixture was neutralized with saturated sodium bicar- 
bonate solution (70 ml). 


The emulsion was filtered over a layer of sand-diatomaceous earth, 
and the organic phase was separated, extracted with 10% potassium io- 
dide solution (60 ml), washed with water (60 ml), and dried (sodium 
sulfate). The separated organic layer was evaporated to a semisolid below 
30" and dried in U ~ C U O  at  room temperature, yielding 2.69 g (93%); [ m ] g  
-17.5' (c, 0.86, chloroform); IR (KBr): 1750-1720 (C=O), 1450 (ring 
CHz), 1280-1240 (C=S), and 890 (@-form) cm-l; NMR (chloroform-dl): 
6 8.m7.10 (m, 15H, aromatic), 6.65 (d, HI', J = 3 Hz), 6.28 (m, H2'), 6.00 
(m,H3'),4.68 (m,3H4',5'),and 3.90 (s, 2H5)ppm. 


Anal.-Calc. for CzgH23N208S: C, 60.32; H, 4.01; N, 2.42; S, 11.10. 
Found: C, 60.12; H, 4.24; N, 2.26; S, 10.89. 


N-(2,3,5-Tri-O-benzoyl -8- D-ribofuranosyl)-5-benzylidene- 
rhodanine-To a solution of 5-benzylidenerhodanine (1.77 g, 0.08 mole) 
in acetonitrile (50 ml) was added 2,3,5-tri-0- benzoyl-D-ribofuranosyl 
bromide (17) (4.1 g, 0.008 mole), followed by 3.2 ml of 10% NaOH. The 
mixture was stirred at room temperature for 6 days and then was filtered 
and evaporated to a semisolid in U ~ C U O  below 30'. The residue was trit- 
urated with methanol (15 ml) to give a yellow precipitate, which was fil- 
tered and chromatographed on alumina (neutral) with methanol as the 
eluant. The first effluent (100 ml) was collected and evaporated. The 
resulting precipitate was filtered and dried in uucuo at room temperature, 
yielding 3.46 g (65%), mp 146-148"; [a18 -128.6" (c, 1.0, tetrahydrofu- 
ran); IR (KBr): 1730 (C=O), 1270-1250 (C=S), and 770 (=CH) cm-I; 
NMR (dimethyl sulfoxide-d6): 6 8.10-7.50 (m, 20H, aromatic), 7.78 (s, 
=CH),6.77 (d ,Hl ' , J  = 2 Hz),6.28 (m,2H2',3'),and 4.70 (m,3H4',5') 
PPm. 


Anal.-Calc. for C~~HZ~N@&: C, 64.95; H, 4.09; N, 2.10; S, 9.63. 
Found C, 65.20; H, 4.48; N, 1.83; S, 9.82. 


N-(2,3,5-Tri-O-benzoyl -8- D-ribofuranosyl)morpholine-4- 
thiocerboxamide-To a suspension of N- (2,3,5-tri-O- benzoyl-P-D-ri- 
bofuranosyl)-5-benzylidenerhodanine (3.32 g, 0.005 mole) in acetonitrile 
(40 ml) were added 0.5 ml of water and then morpholine (4.38 g, 0.05 
mole) in small portions with stirring over 10 min. The solution was stirred 
at  room temperature for 2 days, and a small amount of precipitate was 
filtered. The filtrate was evaporated to a syrup and dried in uacuo. The 
residue was dissolved in the minimum amount of acetone and chroma- 
tographed on silica gel with acetone as the eluant. The fast moving band 
was collected (50 ml) and evaporated to dryness in uucuo at  room tem- 
perature, yielding 2.86 g (96%), mp 75-77'; [a]E -19.5" (c, 2.3, chloro- 
form); IR (KBr): 1725 (C=O), 1115 (C=S), and 880 (@-form) cm-'; NMR 
(dimethyl sulfoxide-d6): 6 9.10 (bs, NH), 7.70 (m, 15H, aromatic), 5.86 
(bs, Hl'), 3.80 (m, 2H5'), 3.68 (m, 4H, CHzOCHz), and 3.54 (m, 4H, 
CHzNCHz) ppm. 


Anal.-Calc. for C31H30N208S: C, 63.04; H, 5.12; N, 4.74; S, 5.43. 
Found: C, 63.12; H, 5.67; N, 4.89; S, 5.64. 


N-(2,3,5-Tri-O-benzoyl -8- D-ribofuranosy1)-N'-ethoxythio- 
urea-A solution of N-(2,3,5-tri-O-benzoyl-@-~-ribofurano- 
syl)-5-benzylidenerhodanine (1.66 g, 0.0025 mole) in acetonitrile (40 ml) 
was treated with pulverized hydroxylamine hydrochloride (0.7 g, 0.01 
mole), and triethylamine (1.4 ml, 0.01 mole) was added dropwise with 
stirring over 5 min. The mixture was stirred for 1 hr, the precipitate was 


filtered, and the filtrate was treated with ethyl acetate (100 ml) to give 
a precipitate. This precipitate was filtered, and the filtrate was extracted 
with 0.1 N HCl (40 ml), water (100 ml), and saturated sodium chloride 
solution (50 ml). It was dried (sodium sulfate) and evaporated, and the 
residue was chromatographed on alumina (neutral), using 2-propanol 
as the first solvent (200 ml) and methanol as the second (200 ml). 


The methanol effluent was evaporated to 40 ml to give a yellow pre- 
cipitate, which was filtered and dried at  room temperature in uacuo, 
yielding 1.32 g (93%), mp 106' dec.; [a]$ -13.2' (c, 1.1, chloroform); IR 
(KBr): 1725 (C=O), 1270 (C-0), and 1120 (C=S) cm-l; NMR (chlo- 
roform-dl): 6 8.40 (bs, NH), 7.88-7.30 (m, 15H, aromatic), 5.80 (bs, Hl'), 
4.05 (q, CHz), 3.95 (m, 2H5'), and 1.14 (t, CH3) ppm. 


Anal.-Calc. for CzgHzBNzO&: C, 61.69; H, 5.00; N, 4.96; S, 5.68. 
Found: C, 61.88; H, 4.76; N, 4.88; S, 5.62. 


Antimicrobial Activity-Tests were first carried out by the agar plate 
method, using 20-30 mg of each compound and measuring the zones of 
inhibition. The organisms used were S. aureus (ATCC 6538), E.  coli 
(ATCC 11229), P. aeruginosa (ATCC 15442), C. albicans (ATCC 10259), 
and A. niger (ATCC 1015). Portions of four or five discrete colonies of 
the organisms were inoculated into 10.0 ml of a suitable broth medium 
and streaked on agar plates. Trypticase soy agar (BBL) was used for 
bacteria, and Sabouraud maltose agar (BBL) was used for the yeast and 
mold. Incubations were at  37' for 24-48 hr for the bacteria and at  25' for 
48-72 hr for the yeast and mold. 


Minimum inhibitory concentrations by the serial tube dilution pro- 
cedure were carried out for the compounds found active by the agar plate 
procedure as previously described (1). Inhibitory concentrations were 
expressed in moles. 
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Abstract A specific and sensitive method is described for the deter- 
mination of saccharin in biological fluids. The compound is extracted as 
its methyl derivative following a salt-solvent pair procedure and assayed 
by GLC with either flame-ionization or mass fragmentographic detection 
using ethylated or trideuteromethylated saccharin, respectively, as the 
internal standard for quantitation. Detector response was linear over 
concentrations of 50 ng/ml-10 pglml with multiple-ion detection mass 
fragmentography and from 2 pglml up to milligram levels with flame- 
ionization detection. Interference from endogenous substrates was never 
observed. Plasma kinetics and urinary elimination of saccharin in healthy 
human volunteers given the sweetener orally, acutely (50 mg/60 kg of 
body weight) or for 5 days (130 mg/60 kg of body weight/day divided over 
the three main meals), also are reported. 


Keyphrases 0 Saccharin-GLC-mass fragmentographic determination 
in human biological fluids, plasma kinetics and urinary excretion 0 
GLC-determination of saccharin in human biological fluids, plasma 
kinetics and urinary excretion 0 Mass fragmentography-determination 
of saccharin in human biological fluids, plasma kinetics and urinary ex- 
cretion Sweeteners, artificial-saccharin, GLC and mass fragmento- 
graphic determination of saccharin in biological fluids, humans 


Saccharin, 1,2-benzisothiazol-3( 2H)  -one 1,l-dioxide (I), 
is an artificial sweetener used in soft drinks, slimming 
diets, and diabetic foods. Recent toxicological studies (1) 
with this compound showed a higher incidence of bladder 
cancer in male rats fed during two-generation studies with 
a diet containing 5% I. Kinetic and distribution studies 
may be useful for investigating the causes of toxicity in- 
duced by exogenous compounds. However, the assay 
methods described in the literature for I determination are 
not suitable for studies in humans because of poor sensi- 
tivity or the use of labeled substrates (2,3). Therefore, a 
specific and sensitive GLC-mass fragmentographic pro- 
cedure was developed for the measurement of nanogram 
concentrations of I in biological fluids. 


EXPERIMENTAL 
Chemicals-Saccharin1 (I) was used as the dihydrated sodium salt. 


Methyl iodide2, ethyl iodide2, trideuteromethyl iodide3, and tetrahex- 
ylammonium hydrogen sulfate4 also were used. All solvents were ana- 
lytical reagent grade. 


GLC-The chromatograph5 was equipped with a flame-ionization 
detector6. The column was a glass tube, 2 m X 4 mm id., packed with 
100-120-mesh Gas Chrom Q coated with 3% OV-17?. All newly prepared 
columns were conditioned at 280’ for 1 hr without carrier gas flow and 
then for 24 hr with a carrier gas flow rate of 15 ml/min. During analysis, 
nitrogen was used as the carrier gas a t  a flow rate of 30 ml/min. Air and 
hydrogen flow rates were adjusted to give maximum detector response. 
The operating conditions were: column oven temperature, 210’; injection 
port heater temperature, 250’; and flame-ionization detector tempera- 
ture, 250O. 


Lot X 17PS4632, Sherwin-Williams Co., Cleveland, Ohio. * Merck, Darmstadt, West Germany. 
CEA, Gif-sur-Yvette, France. 
HHssle, Goteborg. Sweden. 
Carlo Erba Fractovap model G1. 
Carlo Erba model 20. 
Applied Science Laboratories, State College, Pa. 


i , i i i i & i b i i - i i i S  
MINUTES 


Figure 1-Chromatograms obtained from control urine (left) and urine 
of a volunteer after Z intake (right). Key: peak a, methylated I;  and peak 
b, ethylated Z (internal standard). 


Mass Spectrometry-Mass spectra were recorded on an instrument 
coupled with a gas chromatographs and used under the following con- 
ditions: energy of the ionization beam, 70 ev; ion source temperature, 
290’; accelerating voltage, 3.5 kv; and trap current, 60 pamp. Mass 
fragmentography was carried out a t  70 ev by focusing the mass spec- 
trometers on the ions at m/z 197 and 133 for methylated I and at m/z 200 
and 136, characteristic of the spectrum of trideuteromethylated I. In both 


1 3 3  7 I. 
7 7  I 


1 0 4 1  


H.W. 197 


100 150 200 250 


M.W. 2 1 1  


50 100 150 200 250 
m /z 


Figure 2-Mass spectra of methylated Z (top) and ethylated I 
(bottom). 


8 LKB model 9OOO. 
LKB model 2091-B equipped with a computer system (model 2130) for data 


acquisition and calculation. 
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cases, the GLC conditions were as described, except that helium was the 
carrier gas. 


Extraction and Derivative Formation-To 1 ml of plasma or urine, 
either 20 pg of ethylated I or 500 ng of trideuteromethylated I as the in- 
ternal standard was added, depending on the expected concentration 
range and the type of detector used (flame ionization or mass fragmen- 
tography). The samples were deproteinized by the addition of 100 pl of 
trichloroacetic acid and then centrifuged a t  4000Xg for 20 min. The su- 
pernates were transferred to hermetically sealable glass tubes bearing 
a polytef disk in the inner part of the cap and were extracted with 5 ml 
of 0.5 M methyl iodide-methylene chloride solution after the addition 
of 70 p1 of 10 N NaOH and 50 p1 of 0.1 M tetrahexylammonium hydrogen 
sulfate solution in 0.1 N NaOH. Extraction was carried out for 2 hr by 
shaking at  60" in subdued light. 


The organic phase (4 ml) was transferred to conical glass tubes and 
evaporated to dryness under a gentle nitrogen stream in a water bath a t  
35O. The residue was resuspended in 50 pl of methylene chloride, and the 
tetrahexylammonium salt was precipitated by the addition of 2 ml of 
n-hexane. The tubes were capped and centrifuged for 5 min at4000Xg. 
The supernatant fraction (1.8 ml) was transferred to conical glass tubes 
and evaporated to dryness under a nitrogen stream a t  35". The residue 
was dissolved in 50 pl of methylene chloride, and a 1-5-pl aliquot of this 
solution was injected for either GLC or mass fragmentographic analysis. 
Addition of I to drug-free plasma and urine samples a t  concentrations 


200 


I 


M.W. 2 0 0  1 7 0  . 


W 50 100 150 200 250 
[r 


m Iz 
Figure 3-Mass spectrum of trideuteromethylated I .  


mi2 105 


Table I-Precision of I Assay Method in Human Plasma a n d  
Urine 


Concentration of I Concentration of I 
in Plasma" in Urineb 


0.05 0.5 5 5 50 500 
Parameter pg/ml pg/ml pg/ml pg/ml pg/ml pg/ml 


x 0.0487 0.498 5.08 4.87 51.5 517.2 
SD 0.0045 0.014 0.23 0.22 1.9 11.1 
CV,% 9.2 2.8 4.5 4.5 3.7 2.2 
n 4 4 4 4 4 4 


Determination by multiple-ion detection mass fragmentography. * Determi- 
nation by flame-ionization detection GLC. 


Table  11-Plasma I Kinetic Parameters  Determined in  Four  
Healthy Volunteers Given a Single Oral  Dose of 50 mg/60 kg 
of Body Weight 


Parameter, X & S E  


1'' 
- HCN 


0 0 
m/z 211 m12 196  


m12 146 


K,, min-I 0.045 f 0.008 
t 112, min 
AUC, pg/ml hr 
Peak value, pg/ml 
Time of peak concentration, min 


121 f 16 
5.02 f 1.17 
1.95 f 0.47 


30-60 


a K .  = rate constant of absorption, t112 = half-life, and AUC = area under the 
curve. 


ranging from nanograms to micrograms resulted in overall recoveries of 
51 & 4 and 58 f 3%, respectively. 


Preparation of Ethylated I a n d  Trideuteromethylated I-Eth- 
ylated I and trideuteromethylated I were prepared according to the de- 
scribed salt-solvent pair procedure by extracting I from water with either 
0.5 M ethyl iodide or 0.5 M trideuteromethyl iodide-methylene chloride 
solutions. 


Studies in  Humans-In the single-dose experiment, four healthy male 
volunteers ingested a 0.1% solution of I in water (50 mg/60 kg of body 
weight) after an overnight fast. Venous blood samples were withdrawn 
0, 5, 10, 20, 30, 45, 60, 90, 120, 180, and 240 min after I intake. Urine 


l+' \ 
m / z  147 


Scheme II  


m/z 1 6 9  mlz 105  


I - C O  
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Figure 4-Mass fragmentogram of a plasma extract from a human 
volunteer after I intake. 


samples were collected at  selected intervals up to 24 hr. 
In the repeated-dose experiment, another four healthy male volunteers 


were given I orally a t  a dose of 130 mg/60 kg of body weight/day for 5 days. 
These subjects were free to divide the amount of I into three doses daily 
to be taken between 7 am and 8 pm with meals. On Day 5, plasma and 
urine samples were collected at regular intervals over 24 hr. 


Data Analysis-Plasma kinetic parameters of I were determined by 
the method of residuals (4), and the values of the area under the curve 
( A U C )  were determined by the trapezoidal rule (5). 


Table IV-Urinary I Excretion by Four Healthy Volunteers 
Given a Single Oral Dose of 50 mg/60 kg of Body Weight 


Time Interval 


1000-1200 
1200-1400 
1400-1600 


1800-2000 
2000-2400 
2400-1000 


Excretion, 24 hr 


1600-1800 


I Concentration 
Milligrams Percent of Dose - 


15.06 f 2.58 
10.08 f 3.49 
9.62 f 2.97 
4.32 f 0.83O 
3.55 f 1.36 
2.76 f 0.63 
2.80 f 0.37 


47.14 f 1.62 


25.6 f 4.7 
17.1 f 6.3 
16.0 f 4.9 
7.4 f 1.7O 
6.1 f 2.4 
4.7 f 1.2 
4.8 f 0.7 


79.9 f 4.3 


0 Only three values available. 


The chemical identity of these peaks was verified by combined 
GLC-mass spectrometry, and the resulting mass spectra are shown in 
Fig. 2. The mass spectrum of methylated I showed a prominent molecular 
ion at  m/z 197; other intense fragments were present a t  m/z 133 (base 
peak), 132,105,104,77, and 76, which arose as proposed in Scheme I. The 
mass spectrum of ethylated I was also consistent with the proposed 
structure, a molecular ion being present a t  m/z 211 and other intense 
fragments as shown in Scheme 11. 


For I determinations at  nanogram concentrations, a mass fragmento- 
graphic procedure with trideuteromethylated I as the internal standard 
was used. Trideuteromethylated I has similar physicochemical properties 
to methylated I, resulting in an identical retention time. The use of such 
an internal standard reduces column adsorption losses and, consequently, 
increases the sensitivity. 


Figure 3 shows the mass spectrum of trideuteromethylated I. For this 
compound, the assigned chemical structure was confirmed by the char- 
acteristic pattern of fragmentation (Scheme III), which was similar to 
that of methylated I. Therefore, stable isotope dilution mass fragmen- 


RESULTS AND DISCUSSION 


Figure 1 shows typical chromatograms obtained from the urine extracts 
of human volunteers before and after intake of saccharin (I). Peak a 
corresponds to methylated I, and peak b corresponds to an ethylated I 
structural analog chosen as the internal standard. 


Table 111-Plasma Levels of I in Four Human Volunteers Given 
130 mg/60 kg of Body Weight Orally for 5 Days 


J 


I 
a 


I Concentration, v) 


w 
P 


Hour /Ig/ml 
II: 


0800 ND (I P L i m i t  o f  a s s a y  i c n s i t i v i l v  
1000 
1200 
1400 
1800 


0.35 f 0.12 
0.13 f 0.07 
0.28 f t o 5  


0.07 
2000 0.23 f 0.07 
2200 ND 
2400 ND 


0.01 
10 30 60 90 120 180 240 


MINUTES 
Figure 5-Plasma I kinetics in four healthy Volunteers given a single 
oral dose of 50 mg/60 kg of body weight. 


AUC, kg/ml hr 2.24 f 0.39 


a Not detectable (<0.05 fig/ml). b Only one value available. 
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Table V-Urinary I Excretion by Four Human Volunteers Given 
130 mg/60 kg PO for 5 Days 


Time Interval I Concentration, mg 


2000-0800 13.13 f 2.30 
0800-1200 20.03 f 1.68 
1200-1600 37.44 f 7.31 
1600-2000 29.06 f 9.31 


Excretion, 24 hr 
Percent of administered dose 


89.03 f 15.01 
80.35 f 14.08 


tography was carried out by focusing the instrument on the molecular 
ions of methylated I and trideuteromethylated I occurring at  m/z 197 and 
200, respectively, and on the fragment ions a t  m/z  133 and 136, which 
arise from the loss of sulfurous anhydride from the molecular ions. Figure 
4 shows a typical mass fragmentogram obtained from a human plasma 
extract after I intake. 


During both GLC with flame-ionization detection and mass frag- 
mentography, no interference due to endogenous substrates was observed. 
Good linearity in detector response also was found over a concentration 
range of 50 ng/ml-10 Fg/ml with multiple-ion detection mass fragmen- 
tography and from 2 pg/ml up to milligram levels for GLC with flame- 
ionization detection. The precision (percentage coefficients of variation) 
was calculated from the standard deviatiodmean X 100. Assays were 
made in quadruplicate a t  six concentrations of I, thus covering the range 
expected in in uiuo experiments. The results summarized in Table I refer 
to determinations from human plasma and urine. 


The validity of this method for in uiuo determinations was tested by 
studying the plasma kinetics and urinary elimination of I in healthy 
Volunteers after single (50 mg/60 kg of body weight) or repeated (130 
mg/60 kg of body weight/day for 5 days divided over the three main 
meals) oral doses. 


Figure 5 shows plasma I kinetics in human volunteers after acute ad- 
ministration. The compound was absorbed rapidly through the GI tract, 
reaching peak plasma values between 30 and 60 min. Elimination of I 
followed a monoexponential decay pattern with a calculated half-life of 


121 f 16 min a t  the times considered (Table 11). 
Table 111 reports the plasma I levels determined in the volunteers given 


repeated oral doses. Concentrations were higher close to the time of I 
intake, i .e.,  breakfast, lunch, and dinner. The AUC was about half that  
after a single dose of 50 mg/60 kg of body weight, although the daily dose 
was almost 2.5 times larger. However, these differences probably arose 
from differences in absorption since I was taken with food and not in a 
fasting condition and since the total daily dose was divided ad libitum, 
an experimental condition that may he considered closer to the real sit- 
uation. 


Urinary I excretion hy human volunteers given a single oral dose is 
reported in Table IV. Compound I was eliminated within a few hours of 
administration, with -60% of the dose being excreted unchanged by 6 
hr, and reached 79.9% at  24 hr. Excretion of I after repeated adminis- 
tration is shown in Table V. Following this schedule of treatment, the 
24-hr excretion again amounted to -80% of the daily dose. These data 
are in good agreement with previous reports indicating that I is excreted 
in the urine rapidly and almost completely in humans and laboratory 
animals (6, 7). This observation is consistent with the relatively short 
plasma half-life of I, which is poorly metabolized. 
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Abstract Uncharged and negatively and positively charged liposomes 
of egg lecithin were prepared by sonication and chromatographed on three 
different gel media. The column effluent was investigated by turbidi- 
metric measurements. The operational parameters were selected to ob- 
tain baseline separation of the liposomes. Liposome peaks were frac- 
tionated and identified by their K,, (distribution coefficient) values. 
Baseline separation into two fractions was obtained with cross-linked 
dextran gel, and three fractions were obtained with cross-linked agarose 
gel. 


Keyphrases Liposomes-synthesized and fractionated using size 
exclusion chromatography on different gel media Size exclusion 
chromatography-of liposomes on different gel media 0 Fraction- 
ation-size exclusion chromatography of liposomes on different gel media 
0 Chromatography, size exclusion-liposomes, synthesized and frac- 
tionated on cross-linked agarose and cross-linked dextran gels 


Parenteral and oral dosage forms with increased drug 
selectivity are achieved by linking drugs to carriers. Such 
forms are of pharmaceutical importance, and several 


concepts using liposomes have been suggested (1, 2). Li- 
posomes are formed when phospholipids are allowed to 
swell in aqueous media. When suitably dispersed, the li- 
posomes consist of a series of concentric lipid bilayers, 
which alternate with aqueous compartments. The bilayers 
and aqueous compartments can entrap lipid-soluble and 
water-soluble substances, respectively. 


Size exclusion Chromatography’ (3) commonly is used 
to separate liposome-entrapped substances from nonen- 
trapped material (4-6), but there has been little evaluation 
of different gel media for their ability to separate liposomes 
of different sizes. Huang (7) described the separation of 
vesicles of homogeneous size by using size exclusion 
chromatography on a gel with 4% agarose. Chen and 


Gel filtration traditionally is used to describe separation according to size on 
soft permeation media in aqueous solution (3). However, the term size exclusion 
chromatography is now recommended by the International Union of Pure and 
Applied Chemistry. 
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Abstract Sulfamethoxazole was microencapsulated with cellulose 
acetate phthalate and talc, colloidal silica, or montmorillonite clay by 
a spray-drying technique. The surface topography of the products varied 
with the type of excipient used and the pH of the suspending medium. 
The products without the excipient were coated with flake-like crusts, 
while the products containing the excipient tended to become well- 
rounded spheres. In addition, the crystalline form of sulfamethoxazole 
converted from Form I to an amorphism and Form I1 during the spray- 
drying process. This polymorphic transformation was attributed to the 
interaction of cellulose acetate phthalate with sulfamethoxazole. In- 
creasing the concentration of cellulose acetate phthalate in the formu- 
lation increased the attainment of amorphism. Form I1 was also obtained 
by freeze and vacuum drying. Talc was the only excipient that contributed 
to polymorphism, which occurred in the alkaline suspension medium. 
Montmorillonite products prepared from the acidic medium exhibited 
an exothermic differential scanning calorimetry thermogram, which 
might be interpreted in terms of adsorption of the fused sulfamethoxazole 
with the internal surface of montmorillonite. 


Keyphrases Microencapsulation-sulfamethoxazole, spray drying 
with cellulose acetate phthalate and colloidal silica, montmorillonite, or 
talc, polymorphism Polymorphism-microencapsulation of sulfa- 
methoxazole, spray drying with cellulose acetate phthalate and colloidal 
silica, montmorillonite, or talc 0 Sulfamethoxazole-microencapsulated, 
polymorphism, spray drying with cellulose acetate phthalate and colloidal 
silica, montmorillonite, or talc 


The appropriate selection of the most suitable poly- 
morphic form of medicaments with high thermodynamic 
activities frequently is the key to improving bioavailability 
or preventing caking in an aqueous vehicle. 


The polymorphic form of a compound depends on the 
nature of crystallization, i .e. ,  the type of solvent used, the 
temperature of crystallization, etc. It has been documented 
that polymorphism occurs during spray drying. Fell and 
Newton (1) produced spray-dried lactose that was a mix- 
ture of a-monohydrate, a-anhydrous, and ,&lactose forms. 
Kawashima e t  al. (2) reported that spray-dried sodium 
salicylate was polymorphic, composed of normal crystals 
and amorphisms. Another study (3) showed that the 
crystalline form of spray-dried sulfamethoxazole with 
cellulose acetate phthalate converted from Form I to Form 
I1 and an amorphism. 


The present study examined the effects of cellulose ac- 
etate phthalate and excipients such as colloidal silica, talc, 
and montmorillonite clay on polymorphism. Tests were 
performed by freeze drying and vacuum drying at 70’ 
using the same formulations as for spray drying. Another 
microcapsule of sulfamethoxazole with cellulose acetate 
phthalate was prepared by the coacervation method of 
Merkle and Speiser (4) as a reference to test polymor- 
phism. 


EXPERIMENTAL 
Preparat ions of Microcapsules and Agglomerates-Sulfa- 


methoxazole’ (50 g) and cellulose acetate phthalate2 (10-50 g) were dis- 
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solved in 1 liter of 5% NH40H. To this solution was added 0,30, or 50 g 
of colloidal silica3, talc4, or montmorillonite clays. The resultant slurries 
were supplied for spray drying. Formulations without cellulose acetate 
phthalate were also prepared to test the influence of excipients alone on 
polymorphism. These slurries or solutions were atomized into a drying 
chamber by a centrifugal wheel atomizer a t  40,000 rpm6. The drying 
chamber was maintained a t  140 f lo", and the dried products were col- 
lected by a cyclone collector. 


The detailed formulations for spray drying were as follows. 
Spray drying for microencapsulation involved sulfamethoxazole (50 


g) as the medicament, cellulose acetate phthalate (50 g) as the wall ma- 
terial, colloidal silica and montmorillonite clay (0, 30, and 50 g) as the 
excipients, and 1 liter of 5% NH40H as the medium. 


Spray drying for agglomeration involved sulfamethoxazole (50 g) as 
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Figure 1-Scanning electron microphotographs of simple coacer- 
vated and spray-dried products. Spray-dried products were pre- 
pared from the formulations containing sulfamethoxa zole (50g) and: 
a, cellulose acetate phthalate (50g) b, c, cellulose acetate phthalate 
(50g) and colloidal silica (50g); d, colloidal silica (50g); e, cellulose 
acetate phthalate (50 g) and talc (50 g); f, talc (50 g); g, cellulose 
acetate phthalate (50 g) and montmorillonite clay (50 g); and h, i, 
j, montmorillonite clay (30g). The  media were5% N1f40H for a and 
c-h, p H  1.2 solution for  i, and distilled water for j. Simple coacer- 
vated products prepared with cellulose acetate phthalate and so- 
d ium sulfate are shown in b. 


the medicament with colloidal silica, talc, and montmorillonite clay (30 
and 50 g) in 1 liter of 5% NH4OH; colloidal silica, talc, and montmoril- 
lonite clay (30 g) in 1 liter of pH 1.2 solution; and colloidal silica, talc and 
montmorillonite clay (30 g) in 1 liter of distilled water. 


Evaporation at  70' in vacuum (20 mm Hg) or spray drying at  140 f 
5' involved sulfamethoxazole (50 g) as the medicament. cellulose acetate 
phthalate (10-50 g) as the additive, and 5% NH40H a13 the medium. 


Cellulose acetate phthalate microcapsules of sulfamethoxazole were 
prepared by the coacervation method of Merkle and Speiser (4). Sul- 
famethoxazole (10 g) was suspended in 100 ml of aqueous solution (pH 
7.5) containing 2 g of cellulose acetate phthalate and 0.74 g of dibasic 
sodium phosphate. The system was maintained a t  60" and agitated at 
620 rpm. Then 25 ml of 20% (w/w) aqueous sodium sulfate solution pre- 
heated at  60' was added in small portions. The system was slowly cooled 
to 20°, and the coacervates were separated and washed with water to 
remove noncoacervated cellulose acetate phthalate. The coacervate wall 
was hardened by 2% aqueous acetic acid. 


Five grams of sulfamethoxazole and cellulose acetate phthalate were 
dissolved in 100 ml of 5% NH40H. The solutions were vacuum freeze 
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Figure 2-IR spectra of original sulfamethoxazole and spray-dried 
products containing cellulose acetate phthalate. Key: A, Form I, original 
sulfamethoxazole, simple coacervated microcapsule; B, Form I I ;  and 
C-F, spray-dried products prepared from the formulations containing 
50g of cellulose acetate phthalate (C), 50g of cellulose acetate phthalate 
and 50 g of talc (0). 50 g of cellulose acetate phthalate and 50 g of 
montmorillonite clay (E), 50 g of cellulose acetate phthalate and 50 g 
of colloidal silica (F). The medium was 5 %  NHIOH. 
dried at - 2 O O  


One hundred milliliters of 5% NH4OH solution containing 5 g of sul- 
famethoxazole and cellulose acetate phthalate were evaporated at 70" 
in vacuum to remove ammonium hydroxide and water. The precipitated 
particles were supplied to test the crystalline form of sulfamethoxa- 
zole. 


Measurement of Physicochemical Properties-The surface to- 
pography of the spray-dried particles coated with gold was investigated 
with a scanning electron microscopes. T o  determine the crystalline form 
of sulfamethoxazole, X-ray diffraction patterns, IR absorption spectra, 
and differential scanning calorimetry thermograms were obtained using 
an X-ray diffractorneterg, an IR Spectrometer'O, and a differential 
scanning calorimetry calorimeter11 run with a scanning rate of 5"/min, 
respectively. 


mm Hg) in a freeze dryer7. 


RESULTS AND DISCUSSION 


Surface Topography of Agglomerates and  Microcapsules-Sur- 
face topography of the agglomerates and microcapsules was investigated 
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Figure 3-X-ray diffraction patterns of original sulfamethoxazole, 
physical mixture, coaceruated microcapsule, and spray-dried products 
with cellulose acetate phthalate. Key: A, Form I; B, Form I l ;  C, physical 
mixture of sulfamethoxazole and cellulose acetate phthalate; D, simple 
coaceruated microcapsule; and E-H, spray-dried products prepared 
from the formulations containing 50 g of cellulose acetate phthalate (E), 
50 g of cellulose acetate phthalate and 50 g of colloidal silica (F), 50 g 
of cellulose acetate phthalate and 50g of montmorillonite clay (C), and 
50g of cellulose acetate phthalate and 50g of talc (H). The medium was 
5% NH40H. 
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Figure 4-Differential scanning calorimetric thermograms for original 
sulfamethoxazole, cellulose acetate phthalate, freeze-dried sulfa- 
methoxazole, and spray-dried products containing cellulose acetate 
phthalate. Key: A, Form I;  B, Form 11; C, original cellulose acetate 
phthalate; E,  freeze-dried sulfamethoxazole; and D and F-H, spray- 
dried products prepared from the formulations containing 50g ofcel- 
lulose acetate phthalate (D), 50g of cellulose acetate phthalate and 50 
g of colloidal silica (F), 50 g of cellulose acetate phthalate and 50g  of 
montmorillonite clay (G) ,  and 50 g of cellulose acetate phthalate and 
50 g of talc (H). The medium was 5% NH40H. 
using scanning electron microscopy. The microcapsules with cellulose 
acetate phthalate prepared by spray drying and coacervation are shown 
in Figs. la and lb,  respectively. The surfaces of spray-dried microcapsules 
were composed of flake-like crusts. The simple coacervated microcapsules 
were aggregated to form an agglomerate. 


When the additives were introduced to the formulations for spray 
drying, the resultant microcapsules became well-rounded spheres without 
flakes but varied in some degree, depending upon the type of additive 
used (Figs. lc ,  l e  and lg).  The surface topography of agglomerates pre- 
pared by spray drying with the formulations containing only sulfa- 
methoxazole and the excipient are seen in Figs. Id ,  l f ,  and lh-lj .  The 
agglomerates took various forms, depending on the type of excipient and 
the pH of the vehicle. The latter factor strongly affected the topography 
of agglomerates with montmorillonite clay (Figs. lg-lj). 


Effects of Cellulose Acetate Phthalate on Polymorphism-The 
IR spectra of original sulfamethoxazole and spray-dried products with 
cellulose acetate phthalate are seen in Fig. 2. The crystalline form of 
original sulfamethoxazole was proved to be Form I by identification of 
its IR spectrum, characterized by intense bands a t  3300 and 3150 cm-I 
attributed to the amide N-H stretching vibration (5). Regardless of 
whether the excipients were included in the formulations, all spray-dried 
products with cellulose acetate phthalate exhibited the characteristic 
absorption bands of Form I1 in their IR spectra, i.e., weaker bands than 
those of Form I a t  3300 and 3150 cm-l and additional bands at 1640,1395, 
1330, and 750 cm-l. 


Form I1 of sulfamethoxazole was prepared by recrystallizing its aqueous 
solution at  dry ice-acetone temperature. It was also confirmed that the 
crystalline form of freeze- and vacuum-dried sulfamethoxazole always 
exhibited Form I1 when cellulose acetate phthalate was included. The 
sulfamethoxazole in the simple coacervated microcapsule proved to be 
Form 1. 
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Figure 5-IR spectra and X-ray diffraction patterns of spray-dried 
products with increasing amounts of cellulose acetate phthalate: A, 10 
g; B, 20 g; C, 30 g; D, 40 g; and E ,  50 g. The medium was 5 Sb NH40H. 
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Figure 6-X-ray diffraction patterns of original sulfamethoxazole and 
spray-dried products without cellulose acetate phthalate. Key: A, Form 
I; R, Form 11; C-F and H, spray-dried products prepared from the for- 
mulations containing 30g of colloidal silica (C), 30g of montmorillonite 
clay (D) ,  and 30g of talc (E, F, and H); and G, original talc. Key for H: 
I, Form I; II, Form II; and T, talc. Media were 5% NH40H (C, D, and 
H), distilled water (E),  and p H  1.2 solution (F). 


The peaks in X-ray diffraction patterns of the excipients were less 
intense than those of the original crystals (Fig. 3). This finding suggests 
that some sulfamethoxazole crystals in the spray-dried products con- 
verted to a disordered form due to the rapid evaporation. The pattern 
for sulfamethoxazole in the simple coacervated microcapsule coincided 
with that of Form I. 


In the differential scanning calorimetric thermogram of Form 11, sharp 
endothermic peaks appeared at  166 and 171' (Fig. 41, attributed to the 
transition temperature from Form I1 to I and to the fusion temperature 
of Form I, respectively. Spray- and freeze-dried products containing 
cellulose acetate phthalate exhibited a broad peak a t  140-150' in the 
thermogram. This characteristic discrepancy in the thermograms suggests 
that some sulfamethoxazole in the spray-dried products exists in amor- 
phic form as already described. 


To investigate the effect of cellulose acetate phthalate on the crystalline 
form, spray drying was performed with various amounts of cellulose ac- 
etate phthalate contained in the formulations. With increasing cellulose 
acetate phthalate concentration, the characteristic IR bands of Form I1 
at  1640, 1395, and 1330 cm-I became more intense while the bands a t  
3300 and 3150 cm-' became weaker (Fig. 5). The reduced intensities of 
the X-ray diffraction patterns of the product with a high cellulose acetate 
phthalate concentration indicated increased amorphism. These findings 
suggested that cellulose acetate phthalate in the formulation caused 
polymorphism to occur. It was reported (5, 6) that sulfonamide poly- 
morphism might be due to the formation of intermolecular hydrogen 
bonds. Hydrogen bonding may occur between the acetyl and hydroxyl 
groups of cellulose acetate phthalate and the p-amino and sulfonyl groups 


3600 2000 1500 1100 700 3600 2000 1500 1100 700 
3200 1700 1300 900 3200 1700 1300 900 


WAVE NUMBER, cm-' 
Figure 7-IR spectra of original sulfamethoxazole and spray-dried 
products without cellulose acetatephthalate. Key: A, Form I; 8, Form 
II; and C-G, spray-dried products prepared from the formulations 
containing 30g of colloidal silica (C), 30g of montmorillonite clay (D), 
and 30 g of talc (E-G). Media were 5% NH40H (C, D, and G),  pH 1.2 
solution (E), and distilled water (F). 
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Figure &-Differential scanning calorimetric thermograms for original 
sulfamethoxazole and spray-dried products. Key: A, Form I; B, Form 
II; and C-G, spray-dried products prepared from the formulations 
containing 30g of talc (C), 30g of colloidal silica (D),  and 30g of mont- 
morillonite clay (E-G). Media were 5% NH40H (C-E), distilled water 
(F), and p H  I .2 solution (G). 


of sulfamethoxazole. This phenomenon, and the steric hindrance of 
cellulose acetate phthalate, may restrict the intermolecular hydrogen 
bonding of sulfamethoxazole. 


Effects of Excipients on Polymorphism-To examine the effects 
of excipients on the polymorphism of spray-dried sulfamethoxazole, 
cellulose acetate phthalate was excluded from the formulations. The 
X-ray diffraction patterns (Fig. 6) and IR spectra (Fig. 7) of the products 
with montmorillonite clay and colloidal silica suggested that the products 
were the polymorphic mixture of Form I and amorphisms. The products 
with talc exhibited a sharp X-ray diffraction pattern, characteristic of 
the patterns of Form I and talc (Fig. 6). Furthermore, the pattern varied 
with the type of medium (Fig. 6). IR spectra proved the crystalline forms 
of the products prepared from the aqueous and acidic slurries to be Form 
I. Peaks in the IR spectra and X-ray diffraction patterns of products 
prepared from the ammonium slurries were characteristic of both Form 
I and 11, indicating a polymorphic mixture. 


The mechanism of polymorphic transformation that occurred in the 
alkaline medium was not resolved in the present study. However, previous 
investigators (7) reported that anionic dyes were selectively adsorbed 
with talc from aqueous solution. In alkaline medium, the anionic form 
of sulfamethoxazole could be strongly adsorbed with talc, causing reduced 
intermolecular hydrogen bonding of sulfamethoxazole, and possibly 
converting crystals from Form I to Form 11. In the aqueous medium, the 
silanol group of colloidal silica and montmorillonite clay should be hy- 
drated, preventing the formation of hydrogen bonds between sulfa- 
methoxazole and the silanol groups. Thus, the drug molecule adsorbed 
only physically might be disordered when crystallized by spray drying, 
leading to amorphism. 


Differential scanning calorimetric thermograms of the spray-dried 
products were characteristic of the type of excipient and medium used. 
The thermogram of the talc-containing product prepared from ammo- 
nium slurries was characteristic of that of Form I1 (Fig. 8),  thus sup- 
porting the polymorphic transformation suggested previously by X-ray 
and IR analyses. The product with colloidal silica exhibited a broad en- 
dothermic peak at  150-160' in the thermogram, suggesting the coexis- 
tence of amorphism. 


Thermograms of the product with montmorillonite clay varied with 
the type of medium used. The product from distilled water was Form I 
since most sulfamethoxazole crystals were not dissolved but only sus- 
pended in water. With the ammonium slurries, a broad peak resembling 
that of the product with colloidal silica appeared in the thermogram. 
When the acidic medium was used, the thermogram changed to an exo- 
thermic pattern having a peak a t  164'. Porubcan et al. (8) reported that 
the distance between the interlayers of montmorillonite clay in an acidic 
medium is larger than in an alkaline medium. Thus, when the product 
prepared from the acidic medium was heated, sulfamethoxazole might 
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interact with the internal surface of montmorillonite clay since the dis- 
tance between the interlayers is wide enough for holding the molecule. 
This interaction might produce some heat, leading to the exothermic 
thermogram in Fig. 8. 
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Abstract 0 A multiple regression method using Hansen partial solubility 
parameters, 6 0 ,  d p ,  and 6 ~ ,  was used to reproduce the solubilities of 
naphthalene in pure polar and nonpolar solvents and to predict its sol- 
ubility in untested solvents. The method, called the extended Hansen 
approach, was compared with the extended Hildebrand solubility ap- 
proach and the universal-functional-group-activity-coefficient (UNIFAC) 
method. The Hildebrand regular solution theory was also used to cal- 
culate naphthalene solubility. Naphthalene, an aromatic molecule having 
no side chains or functional groups, is “well-behaved”; i.e., its solubility 
in active solvents known to interact with drug molecules is fairly regular. 
Because of its simplicity, naphthalene is a suitable solute with which to 
initiate the difficult study of solubility phenomena. The three methods 
tested (Hildebrand regular solution theory was introduced only for 
comparison of solubilities in regular solution) yielded similar results, 
reproducing naphthalene solubilities within -30% of literature values. 
In some cases, however, the error was considerably greater. The UNIFAC 
calculation is superior in that it requires only the solute’s heat of fusion, 
the melting point, and a knowledge of chemical structures of solute and 
solvent. The extended Hansen and extended Hildebrand methods need 
experimental solubility data on which to carry out regression analysis. 
The extended Hansen approach was the method of second choice because 
of its adaptability to solutes and solvents from various classes. Sample 
calculations are included to illustrate methods of predicting solubilities 
in untested solvents at various temperatures. The UNIFAC method was 
successful in this regard. 


Keyphrases Naphthalene-solubility study, extended Hansen, ex- 
tended Hildebrand, and UNIFAC approaches compared 0 Solubility-of 
naphthalene in various solvents, extended Hansen, extended Hildebrand, 
and UNIFAC approaches compared Extended Hansen solubility ap- 
proach-compared with extended Hildebrand and UNIFAC approaches, 
naphthalene solubility in various solvents 


The solubility parameter concept (1) was originally 
designed to describe nonpolar solvent-solute systems, 
although it recently has been extended to the realm of 
commercial paints, inks, plastics, insecticides, and phar- 
maceuticals, which may include highly polar solvents and 
solutes. 


The problem of estimating the solubility of crystalline 
solids in various solvents has been particularly intractable. 
This report uses partial solubility parameters together with 


multiple regression analysis to obtain equations that 
predict solubilities within an error of <30% relative to 
experiment. Results using a partial parameter-multiple 
regression method, referred to here as the extended Han- 
sen solubility approach, were compared with those ob- 
tained by the extended Hildebrand solubility approach (2) 
and the universal-functional-group-activity-coefficient 
(UNIFAC) method (3,4).  


The interaction of a solute and solvent follows either 
from weak van der Waals forces or from strong forces of a 
“chemical” nature, such as hydrogen bonding and Lewis 
acid-base interactions (5). For solutions of interest in the 
pharmaceutical and biological sciences, both physical and 
chemical forces are likely to be important. 


THEORY 


Partial Solubility Parameters-Burrell (6,7) extended the original 
solubility parameter concept to estimate the solubility of coating mate- 
rials (mainly polymers) in polar solvents of low, medium, and high hy- 
drogen-bonding capacity. Hansen (8,9) partitioned the cohesive energy 
density, AEIV, for a species into contributions from dispersion forces, 
dipolar interactions, and hydrogen bonding: 


A E - A E D  AEp AEH +-+- v v v v  
or: 


AE” is the energy of vaporization of a liquid, AH” is its enthalpy of va- 
porization, R is the gas constant, T is the absolute temperature, and V 
is the liquid molar volume. The quantity 6 is the total solubility param- 
eter, and 62 is the cohesive density for a solvent or solute. The term 60 
stands for the dispersion component of the total solvent or solute solu- 
bility parameter, 6 p  is the polar component, and 6~ is the hydrogen- 
bonding component. These terms are the partial solubility parame- 
ters. 
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interact with the internal surface of montmorillonite clay since the dis- 
tance between the interlayers is wide enough for holding the molecule. 
This interaction might produce some heat, leading to the exothermic 
thermogram in Fig. 8. 
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Abstract 0 A multiple regression method using Hansen partial solubility 
parameters, 6 0 ,  d p ,  and 6 ~ ,  was used to reproduce the solubilities of 
naphthalene in pure polar and nonpolar solvents and to predict its sol- 
ubility in untested solvents. The method, called the extended Hansen 
approach, was compared with the extended Hildebrand solubility ap- 
proach and the universal-functional-group-activity-coefficient (UNIFAC) 
method. The Hildebrand regular solution theory was also used to cal- 
culate naphthalene solubility. Naphthalene, an aromatic molecule having 
no side chains or functional groups, is “well-behaved”; i.e., its solubility 
in active solvents known to interact with drug molecules is fairly regular. 
Because of its simplicity, naphthalene is a suitable solute with which to 
initiate the difficult study of solubility phenomena. The three methods 
tested (Hildebrand regular solution theory was introduced only for 
comparison of solubilities in regular solution) yielded similar results, 
reproducing naphthalene solubilities within -30% of literature values. 
In some cases, however, the error was considerably greater. The UNIFAC 
calculation is superior in that it requires only the solute’s heat of fusion, 
the melting point, and a knowledge of chemical structures of solute and 
solvent. The extended Hansen and extended Hildebrand methods need 
experimental solubility data on which to carry out regression analysis. 
The extended Hansen approach was the method of second choice because 
of its adaptability to solutes and solvents from various classes. Sample 
calculations are included to illustrate methods of predicting solubilities 
in untested solvents at various temperatures. The UNIFAC method was 
successful in this regard. 
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The solubility parameter concept (1) was originally 
designed to describe nonpolar solvent-solute systems, 
although it recently has been extended to the realm of 
commercial paints, inks, plastics, insecticides, and phar- 
maceuticals, which may include highly polar solvents and 
solutes. 


The problem of estimating the solubility of crystalline 
solids in various solvents has been particularly intractable. 
This report uses partial solubility parameters together with 


multiple regression analysis to obtain equations that 
predict solubilities within an error of <30% relative to 
experiment. Results using a partial parameter-multiple 
regression method, referred to here as the extended Han- 
sen solubility approach, were compared with those ob- 
tained by the extended Hildebrand solubility approach (2) 
and the universal-functional-group-activity-coefficient 
(UNIFAC) method (3,4).  


The interaction of a solute and solvent follows either 
from weak van der Waals forces or from strong forces of a 
“chemical” nature, such as hydrogen bonding and Lewis 
acid-base interactions (5). For solutions of interest in the 
pharmaceutical and biological sciences, both physical and 
chemical forces are likely to be important. 


THEORY 


Partial Solubility Parameters-Burrell (6,7) extended the original 
solubility parameter concept to estimate the solubility of coating mate- 
rials (mainly polymers) in polar solvents of low, medium, and high hy- 
drogen-bonding capacity. Hansen (8,9) partitioned the cohesive energy 
density, AEIV, for a species into contributions from dispersion forces, 
dipolar interactions, and hydrogen bonding: 


A E - A E D  AEp AEH +-+- v v v v  
or: 


AE” is the energy of vaporization of a liquid, AH” is its enthalpy of va- 
porization, R is the gas constant, T is the absolute temperature, and V 
is the liquid molar volume. The quantity 6 is the total solubility param- 
eter, and 62 is the cohesive density for a solvent or solute. The term 60 
stands for the dispersion component of the total solvent or solute solu- 
bility parameter, 6 p  is the polar component, and 6~ is the hydrogen- 
bonding component. These terms are the partial solubility parame- 
ters. 
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Table I-Naphthalene Parameters ( b ~  = 9.4, b p  = 1 . 0 , 8 ~  = 1.9) and Solubility a t  40” in Various Solvents, V = 123 cm3/mole, X:(4Oo) 
= 0.46594 


Hydrogen 
Total Dispersion Polar Bonding Mole Reference 


Volume”, Parameter”, Parameter, Parameter, Parameter, Solubility, Solubility 
Molar Solubility Solubility Solubility Solubility Fraction for 


Solvent v1 61 60 dP SH XZ Data 


Hexane 
Carbon tetrachloride 
Toluene 
Ethylidene chloride 
Benzene 
Chloroform 
Chlorobenzene 
Acetone 
Carbon disulfide 
1,l  -Dibromoethane 
Ethylene dichloride 
sec-Butanol 
Nitrobenzene 
tert-Butanol 
Cyclohexanol 
Aniline 
Isobutanol 
Butanol 
Isopropanol 
Ethylene dibromide 
Propanol 
Acetic acid 
Ethanol 
Methanol 


131.6 
97.1 


106.8 
84.8 
89.4 
80.7 


102.1 
74.0 
60.0 
92.9 
79.4 
92.5 


102.7 
94.3 


106.0 
91.5 
92.8 
91.5 
76.8 
87.0 
75.2 
57.6 
58:5 
40.7 


7.3 
8.7 
8.9 
9.0 
9.1 
9.3 
9.6 
9.8 


10.0 
10.16 
10.2 
10.8 
10.8 
10.9* 
10.9 
11.0 
11.1 
11.3 
11.5 
11.7 
12.0 
13.0 
13.0 
14.5 


7.3 
8.7 
8.8 
8.1 
9.0 
8.7 
9.3 
7.6 


10.0 
8.4 
9.3 
7.7 
9.8 
7.8 
8.5 
9.5 
7.4 
7.8 
7.7 
9.6 
7.8 
6.8 
7.7 
7.4 


0.0 
0.0 
0.7 
4.0 
0.0 
1.5 
2.1 
5.1 
0.0 
3.7 
3.6 
2.8 
4.2 
2.8 
2.0 
2.5 
2.8 
2.8 
3.0 
3.3 
3.3 
6.0 
4.3 
6.0 


0.0 
0.3 
1.0 
0.2 
1.0 
2.8 
1.0 
3.4 
0.3 
4.1 
2.0 
7.1 
2.0 
7.1 
6.6 
5.0 
7.8 
7.7 
8.0 
5.9 
8.5 
9.3 
9.5 


10.9 


0.222 
0.395 
0.422 
0.437 
0.428 
0.467 
0.444 
0.378 
0.494 
0.456 
0.452 
0.1122 
0.432 
0.1009 
0.232 
0.306 
0.0925 
0.116 
0.0764 
0.439 
0.0944 
0.117 
0.0726 
0.0437 


16 
16 
16 
18 
16 
19 
16 
16 
19 
18 
18 
17 
16 
17 
19 
16 
17 
16 
17 
18 
17 
16 
17 
16 


a Molar volumes (cchole)  and solubility parameters (cal/cm3)1/2 are obtained at 25”. * The solubility parameters for tert-butanol and 1.1-dihromoethane are not 
found in the literature. The former was calculated by the group contribution method (9), and the latter was obtained by reference to the values for ethylene dichloride, 
ethylidene chloride, and ethylene dibromide. 


As used here, hydrogen bonding is not restricted to hydrogen bonds 
in the classical sense but also rgers to any type of highly polar, oriented 
interaction. Partial solubility parameters were originally calculated and 
adjusted to provide estimates of solubility and elastomer swelling (8, 
9). 


The dispersion parameter, 6 0 ,  was obtained from data for the com- 
pound’s homomorph, defined as a saturated hydrocarbon having essen- 
tially the same chemical structure, size, and shape as those of the polar 
compound (8,9). The polar parameter, dp ,  was calculated using a modi- 
fied equation from Bottcher (10, l l ) :  


where V is the liquid molar volume, c is the dielectric constant, no is the 
refractive index for the D line of sodium, and p is the dipole moment 
expressed in Debye units. The hydrogen bond parameter for a hydroxyl 
compound is obtained from an expression: 


6 H - -  - (3”’ 
where AH is an average enthalpy of formation for hydrogen bonding, 4650 
cal/mole, for each hydroxy group. Barton (5) reviewed various methods 
of calculating partial parameters. 


The partial solubility parameters of Hansen are available for a large 
number of liquid solvents (9). Partial solubility parameters for only a few 
solids (represented as supercooled liquids), such as naphthalene and 
succinic anhydride, can be found in the literature. Hansen and Beerbower 
(9) presented a table of group contributions for calculating partial solu- 
bility parameters; from these data, 60,  dp ,  and d~ may be calculated for 
a liquid or solid (supercooled liquid). 


The values can be adjusted to obtain suitable numbers that correspond 
well with experimental solubility results. Hoy et al. (12) developed an 
extensive compilation of partial and total solubility parameters. 


One possible approach to reproducing experimental solubilities for a 
drug in pure solvents would be to write the solubility equation (1,2) in 
terms of partial solubility parameters, followed by multiple regression 
analysis toward an expression for the desired solubilities. This extended 
Hansen solubility approach is discussed later. Since the partial solubility 
parameters of Hoy et at. (12) differ somewhat from those of Hansen and 
Beerbower (9), it is important to use either one system or the other rather 
than a combination of the two. Regression techniques employing the Hoy 
parameters result in different equations from those obtained with the 
Hansen parameters. 


Extended Hildebrand Approach-A technique called the extended 
Hildebrand approach (2) was developed to reproduce the solubilities of 
drugs such as xanthine derivatives in mixed solvents, including dioxane 
and water, water and polyethylene glycol 400, glycerin and propylene 
glycol, and dioxane and formamide. The interaction energy, W, is re- 
gressed against the solvent solubility parameter, 61, to obtain WCdc which 
is then substituted into the extended solubility equation to reproduce 
the drug’s solubility on the mole fraction scale. The derivation begins with 
a relation between the drug’s mole fraction solubility, X Z ,  the ideal sol- 
ubility, X i ,  and the activity coefficient, az: 


-log xz = -log xi + log a2 (Eq. 6) 


where log a2 is expressed in terms of solute and solvent cohesive energy 
densities, d2 and dl, the solute-solvent interaction energy, W, and an “ A  
factor” from regular solution theory (1): 


-log X z  = -log X i  + A(6q + 6% -2Wcsic) (Eq. 7) 


A = Vy$q/2.303RT (Eq. 8) 


where VZ is the molar liquid volume of the solute, 41 is the volume fraction 
of the solvent, R is the molar gas constant, and T is the absolute tem- 
perature. A term, [In (Vl/Vz) + 1 - (Vl/Vz)], from Flory-Higgins theory 
is sometimes added to solubility expressions such as Eq. 7 to account for 
the entropy of mixing of substances with considerably different molar 
volumes. The regression analyses discussed later showed that this term 
was statistically insignificant for the naphthalene solutions studied. 


The extended solubility approach was tested with methylxanthines 
in binary solvent systems (2,13,14) and with naphthalene in some single 
solvents (15), but has not been explored in detail for individual solvent 
systems. 


UNIFAC-A group contribution (UNIFAC) procedure was developed 
(3, 4) to investigate the solubilities of solids in pure and mixed liquid 
solvents. According to this method, the activity coefficient is separated 
into two parts: a combinatorial contribution, log aC, which accounts for 
the molecular size and shape of the solute and solvent, and a residual 
contribution, log aR, which accounts for intermolecular energies of at- 
traction: 


log a2 = log a; + log a!: (Eq. 9) 


Details were given previously (4), and the method is briefly described in 
the Appendix. 
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RESULTS AND DISCUSSION 


The present study attempted to reproduce the solubility of naphtha- 
lene at  40" in solvents using three methods: (a )  a partial solubility pa- 
rameter method together with multiple regression, ( b )  the extended 
Hildebrand solubility approach (2, 13-15), and (c) the UNIFAC proce- 
dure (3,4). Table I shows experimental solubilities reported previously 
(16-19), together with solvent solubility parameters (9) and molar vol- 
umes (9). Although the solubilities were obtained a t  40", 61 and V1 are 
customarily calculated a t  25". 


Mole fraction solubilities of naphthalene, as determined (16) a t  10-75", 
are plotted in Fig. 1 against 61, the solubility parameter of the pure sol- 
vent. The curves drawn through the points are more symmetrical than 
would be expected for an organic solid dissolved in polar and nonpolar 
solvents representing different solvent classes. Some polar solvents, such 
as acetone and butanol, yield points that are displaced from their proper 
temperature lines, but most points appear in an orderly arrangement on 
the bell-shaped curves. Figure 1 shows that the mole fraction solubilities 
of naphthalene, in a range of 61 = 7.3-14.5, exhibit peaks in the curves; 
the peaks do not appear to shift with temperature. With increasing 
temperature, the naphthalene solubility curves become less peaked; a t  
75", the curve is nearly horizontal, but 61 = 6 2  at  the peak remains con- 
stant at -9.6 over the 10-75' range. At 75O, naphthalene is only -5O 
below its melting point (mp = 80.2O), and its ideal solubility Xl ,  (75O) is 
0.9105. At this temperature, naphthalene forms nearly ideal solutions 
in the majority of solvents studied. 


Multiple Regression and  Extended Hansen Approach-Partial 
solubility parameters for naphthalene, 6~ = 9.4, d p  = 1.0, and 6~ = 1.9 
(total parameter = 9.641, were estimated from a table of group contri- 
butions currently under preparation'. An early version of the table is 
given in the literature (9). The regression subprogram' (20) allows a 
stepwise addition of independent variables, analysis of variance, and 
examination of the residuals by means of scatter plots. The multiple re- 
gression yielded Eq. 10 for naphthalene in 24 solvents a t  40": 


log = 1.0488(f0.1762)A(6iD - 6 ~ ~ ) '  
- 0.3148(f0.0490)A(61p - 6 ~ ~ ) '  + 0.2252(f0.0163)A(6lH - 6 ~ ~ ) '  


+ 0.0451(10.0155) (Eq. 10) 


n = 24 s = 0.0559 RZ = 0.9765 F = 277 F(3,20,0.01) = 4.94 


Results obtained with Eq. 10 may be substituted into Eq. 6 for log a 2  to 
calculate mole fraction solubility, X Z ,  as shown in Table 11. When solu- 
bilities (Table 11) are calculated with Eqs. 10 and 6, the procedure is re- 


By A. Beerbower. * Programmed on The University of Texas Cyber computer system. 


ferred to as the extended Hansen approach. The results compare favor- 
ably with observed solubilities: only one residual is >30% (tert-butanol, 
53% error), and about half the results exhibit errors of <5%. 


The extended Hansen approach may be used to estimate the solubility 
in solvents not included in the series under investigation. For example, 
the solubility of naphthalene in butyric acid at 40" is not found in Table 
11, but it may be calculated as follows. The partial parameters (9) for 
butyric acid are 60 = 7.3,6p = 2.0, and 6~ = 5.2. Combining these terms 
with the values for naphthalene, one obtains (7.3 - 9.4)' = 4.41, (2.0 - 
1.0)' = 1.00, and (5.2 - 1.9)2 = 10.89. These values are introduced into 
Eq. 10: log n2 = 1.04884(4.41) - 0.31484(1.00) + 0.22524(10.89) + 
0.0451. Value A must be calculated first, using Eq. 8 with Vz = 123.0, V1 
= 92.48, R = 1.9872, and T = 40' (313.15 O K ) .  The volume fraction of the 
solvent, @I, is unknown since i t  depends on the Xz value, which is 
sought: 


(Eq. 111 $1 = Vl(1 - Xz)/[V1(1 - XZ) + VZXZ] 
Value A is found by an iteration procedure (21), beginning with a value 


of 1.0 for 61 and iterating until Xz or 61 no longer changes by more than 
some desired small value. The iteration yields Xzede = 0.1959. This result 
compares satisfactorily with XzObbs = 0.2487, giving a calculated value 
within 21% of the observed mole fraction solubility. 


Although calculation of the original regression equations requires an 
electronic computer, back-calculations (involving iteration) for estimating 
solubilities in various solvents can be done on a programmable band 
calculator. 


Polynomial Regression and  Extended Hildebrand Approach- 
The term (log az) /A was regressed versus 61 for naphthalene in the 24 
solvents in a second- (quadratic) and third- (cubic) degree expression. 
To account for self-association of the alcohols, it was necessary to add 
an indicator variable, I, to the regression equations. In back-calculating 
solubilities, I is given the value of 1 for alcohols and zero for all other 
solvents in the series. The quadratic expression did not rep-aduce the 
solubility data adequately an& was omitted from further consider- 
ations. 


The cubic equation, together with an indicator variable, resulted in 
a squared correlation, R2, of 0.86 


~- log a' - 6.1130(f1.0859)1 - 53.2569(&19.6920)61 
A 


+ 4.6506(+1.8400)67 - 0.1290(f0.0562)6: 


+ 197.8011(f69.0673) (Eq. 12) 


n = 24 s = 2.0223 R2 = 0.8648 F = 32 F(4,19,0.01) = 4.50 


Residuals expressed in percentages were reasonable for the solubilities 
of naphthalene in most solvents a t  40'. However, some large errors re- 


2 0'12 0.06 t / 
0 


5 6 7 8 9 10 11 12 13 14 
SOLUBl LlTY PARAMETER, 6,(cal/cm3)% 


Figure 2-Solubility of  naphthalene in  24 indiuidual soluents at 40'. 
The data is f rom Refs. 16-19. The curue, calculated using the Hildebrand 
expression, Eq. 13, rises to a maximum at 61 = 6 2  = 9.6, equal to naph- 
thalene's ideal solubility, Xb(40") = 0.46594. T h e  experimental point 
(X) for each soluent is attached by a dotted line to the calculated solu- 
bility (0) obtained using Eqs. 6 and 12. 
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Table 11-Four Methods of Solubility Analysis fo r  Naphthalene in P u r e  Solvents at 40" 


Observed Extended Hansen Extended Hildebrand UNIFAC Regular Solution 
Residual Solvent xz (400) xz Residual x2 Residual xz Residual xz 


Hexane 0.222 0.2247 -0.0027 
Carbon tetrachloride 
Toluene 
Ethylidene chloride 
Benzene 
Chloroform 
Chlorobenzene 
Acetone 
Carbon disulfide 
1,l-Dibromoethane 
Ethylene dichloride 
sec-Butanol 
Nitrobenzene 
tert- Butanol 
Cyclohexanol 
Aniline 
Isobutanol 
Butanol 
Isopropanol 
Ethylene dibromide 
Propanol 
Acetic acid 
Ethanol 
Methanol 


0.395 
0.422 
0.437 
0.428 
0.467 
0.444 
0.378 
0.494 
0.456 
0.452 
0.112 
0.432 
0.1009 
0.232 
0.306 
0.0925 
0.116 
0.076 
0.439 


0.3956 
0.4072 
0.4279 
0.4192 
0.4080 
0.4244 
0.4421 
0.4ii i  
0.4234 
0.4547 
0.1446 
0.4809 
0.1549 
0.2307 
0.3856 
0.0693 
0.1096 
0.0981 
0.3744 


-0.0006 
o.oi56 
0.0091 
0.0088 
0.0590 
0.0196 


-0.0641 
0.0829 
0.0326 


-0.0027 
-0.0324 
-0.0489 
-0.0540 


0.0013 
-0.0796 


0.0232 
0.0064 


-0.0217 
0.0646 


0.094 0.0828 0.0116 
0.117 0.0871 0.0299 
0.0726 0.0611 0.0115 
0.0437 0.0483 -0.0046 


0.1934 
0.4311 
0.4345 
0.4447 
0.4437 
0.4483 
0.4429 
0.4484 
0.4498 
0.4370 
0.4390 
0.1498 
0.3952 
0.1416 
0.1275 
0.3926 
0.1276 
0.1134 
0.1165 
0.3390 
0.0813 
0.3090 ~ 


0.0491 
0.0347 


0.0286 
-0.0361 
-0.0125 
-0.0077 
-0.0157 


0.0187 
0.0011 


-0.0704 
0.0442 
0.0190 
0.0130 


-0.0376 
0.0368 


-0.0407 
0.1045 


-0.0866 . . - ~ ~  


-0.0351 


-0.0401 
0.0026 


0.1000 
0.0131 


-0.1920 
0.0235 
0.0090 


0.2629 
0.4071 
0.4425 


0.4499 
0.4695 
0.3979 
0.3628 
0.4197 
0.3837 


0.1132 


0.0819 
0.2080 
0.2689 
0.1474 
0.1124 
0.0948 
0.3832 
0.0939 
0.1267 
0.0552 
0.0489 


a - 


a - 


(I - 


-0.0409 
-0.0121 
-0.0205 


-0.0219 
-0.0025 


0.0461 
0.0152 
0.0743 
0.0723 


-0.0010 


0.0190 
0.0240 
0.0371 


-0.0549 
0.0036 


-0.0184 
0.0558 
0.0005 


-0.0097 
0.0174 


-0.0052 


- a 


(I - 


a - 


(i UNIFAC parameters not available for solvent functional groups. 


sulted from this equation: cyclohexanol, 45%; tert- butanol, 40%; isobu- 
tanol, 38%; isopropanol, 53%; and acetic acid, 164%. The experimental 
points are shown in Fig. 2 attached by dotted lines to the solubilities 
predicted by use of the extended Hildebrand approach. The large error 
for acetic acid is unaccounted for but apparently results from the par- 
ticular regression program and iteration procedure used. Alternative 
methods involving orthogonalization, root finding, and weighting func- 
tions are under investigation. The X 2  values and residuals are given in 
Table 11, columns 5 and 6. 


UNIFAC Method-Gmehling et al. (4) employed UNIFAC to esti- 
mate the solubilities of naphthalene, anthracene, and phenanthrene in 
several solvents. Their results were calculated, and new solvents were 
added in the current study; results shown in Table 11, column 7,  may be 
compared with the back-calculated mole fraction solubilities of the ex- 
tended Hildebrand solubility method, column 5, and those obtained by 
the extended Hansen solubility approach, column 3. The extended 
Hansen and UNIFAC methods give remarkably similar results. As al- 
ready indicated, a quantitative method for calculating solubilities in polar 
solvents is taken to be satisfactory if errors are no greater than -30%. 
These two methods generally meet this standard. By contrast, the ex- 
tended Hildebrand method gives errors of >30% for nine solvents. 
However, only one of these, acetic acid, produces a large error. 


Regular Solution Theory-Column 9 of Table I1 shows solubilities 
of naphthalene in the 24 solvents at 40" calculated using the regular so- 
lution equation of Hildebrand and Scatchard for solids dissolved in liquid 
solvents (1). The expression is: 


-log Xz = -log X i  + A(61 - 62)' (Eq. 13) 


Equation 13 reproduces solubilities satisfactorily in nonpolar solvents 
(regular solutions) but fails for irregular systems with polar solvents 
showing self-association and solvation. The curve of Fig, 2 was plotted 
using the mole fractions calculated from the Hildebrand-Scatchard 
equation. Although the observed values are not well represented by Eq. 
13 for polar solvents, the mole fraction solubility of naphthalene ( 6 2  = 
9.64) in a range of solvents from hexane (61 = 7.3) to methanol (61 = 14.5) 
is a t  least in qualitative agreement with regular solution theory. For drug 
molecules having side chains and functional groups attached to the aro- 
matic ring, the regular behavior of naphthalene solubilities is not expected 
to be found with single or binary solvents. 


Temperature Effects-Several investigators (16-18,22) plotted the 
mole fraction of naphthalene uersus the reciprocal of absolute temper- 
ature; straight lines result for ideal and nearly ideal solutions. The slope 
of the ideal solution line provides a measure of the molar heat of fusion. 
For irregular solutions plotted in this manner, the lines ordinarily are 
curved. Chertkoff and Martin (23) evaluated solubility data employing 
a different plot, that  of the solute mole fraction against the solubility 
parameter 61 of pure or mixed solvents. In this approach, an approxi- 
mately bell-shaped curve is obtained that reaches a maximum at 61 = 6 2  


0.2472 
0.4464 
0.4529 
0.4584 
0.4603 
0.4640 
0.4659 
0.4655 
0.4644 
0.4617 
0.4606 
0.4369 
0.4334 
0.4303 
0.4255 
0.4250 
0.4170 
0.4006 
0.3959 
0.3587 
0.3344 
0.1273 
0.1233 
0.0050 


-0.0252 
-0.0514 
-0.0309 
-0.0214 
-0.0323 


0.0030 
-0.0219 
-0.0875 


0.0296 
-0.0057 
-0.0086 
-0.3247 
-0.0014 
-0.3294 
-0.1935 
-0.1190 
-0.3245 
-0.2846 
-0.3195 


0.0812 
-0.2400 
-0.0103 
-0.0507 
-0.0387 


in regular systems; the mole fraction a t  this point corresponds to the ideal 
solubility. Figures 1 and 2 represent graphs plotted in this manner. They 
provide some information not readily evident from plots of log mole 
fraction versus l/T. 


It would be useful to employ the solubility data of Fig. 2 at  40" to obtain 
solubilities a t  other temperatures, as shown in Fig. 1. Temperature ap- 
pears in the ideal solubility term, which may be written3 log Xg = (ASf/R) 
log (TIT,), and in A = V2&/2,303RT. It might be reasoned that by use 
of the extended Hansen or extended Hildebrand regression equation (Eq. 
10 or 12) and replacement of the temperature of 313°K by a value of 
333"K, one could convert the solubility a t  40" to an X z  value at 60". 


The observed mole fraction solubility of naphthalene in hexane at  60" 
(333.15"K) is 0.547. The proper ideal solubility is used, and the tem- 
perature found in A is changed from 40" (313.15"K) to 333.15"K; an it- 
eration is then conducted (21) using the extended Hansen approach to 
arrive a t  a new $1 value yielding XzdC = 0.489. This result represents a 
10.6% error from the observed X 2  a t  60". The same procedure may be 
used to calculate the solubility of naphthalene in hexane at  20". The error 
is 34%. Naphthalene forms an essentially regular solution in hexane, and 
the plot of log mole fraction uersus 1/T for this solvent is straight, al- 
though it does not coincide with the ideal solubility line. For alcohols, 
plots of log X z  uersus 1/T are ordinarily curved, and extrapolation of 
naphthalene solubility in methanol a t  40" to obtain X 2  a t  60" by iteration 
results in an error of 313%. An attempt to  extrapolate X z  to 70 and 75", 
however, produced errors of only 33 and 29.6%, respectively. At 20°, the 
result is 14.8% in error. The extended Hildebrand method yields similar 
results. Thus, the regression equations obtained a t  40° give erratic sol- 
ubility results for polar solvents a t  elevated temperatures. The errors are 
apparently due to the iteration procedure required in the extended 
Hansen and extended Hildebrand methods. 


Hildebrand and Scott (1) discussed the influence of temperature on 
solubility parameters and provided 6 values a t  various temperatures. 
Hansen and Beerbower (9) made estimates of the temperature coeffi- 
cients of 6 0 ,  6 p ,  and 6 ~ .  However, as they pointed out, these estimates 
are needed only for the most polar or hydrogen bonded systems, since 
the function Vz@:(61 - 6 ~ ) ~  is independent of temperature for near-reg- 
ular solutions. The previous example of nonlinear behavior of methanol 
solutions could presumably be improved by using the type of temperature 
coefficients they suggested. 


Another approach is to regress the solubility data of naphthalene from 
10 through 60" (Fig. 1) using a single equation. This procedure provides 
a more reasonable prediction of solubilities a t  various temperatures and 
will be reported later. 


Ideal solubility is also calculated using the expression: 


Both forms are approximations, and it is not clear at this time which is more cor- 
rect. 
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The UNIFAC method does not appear to suffer from the problems 
encountered with the regression approaches for calculating solubilities 
in polar solvents at elevated temperatures; it does not require an iteration 
procedure. In methanol at 40”, UNIFAC gives Xzdc = 0.0489, a difference 
of 12% from XzOba; at 60°, Xpdc is 0.110, a difference of 17% from 
X2,bs. 


SUMMARY 


The work of Hildebrand and Scott (l), Scatchard (241, Hansen (8), and 
several other investigators has led to increased understanding of solubility 
phenomena. Yet, the formulation of a satisfactory approach to describe 
the solubility of crystalline solids in pure and mixed polar solvents has 
proved to be particularly difficult. 


The present report applied three methods. The UNIFAC method re- 
quires only the solute’s heat of fusion, the melting point, and a knowledge 
of the chemical structure of the solute and solvent. This method, yielding 
essentially the same accuracy as obtained by the extended Hansen re- 
gression method (one exception is the solubility in isobutanol) is judged 
far superior for predicting solubilities of naphthalene in untested sol- 
vents. 


The extended Hansen method must be accepted as the second best 
method studied. Although it required solubility data in the initial re- 
gression step, the use of partial solubility parameters accounts for polar 
and hydrogen-bonding forces in the various solvents. For this reason, an 
indicator variable is not required in the regression equation of the ex- 
tended Hansen approach. Furthermore, if new solvents are to be tested 
in the system under study, use of their partial solubility parameters 
should allow estimation of naphthalene solubility within reasonable ac- 
curacy. This expectation was found for butyric acid, where the solubility 
of naphthalene was predicted within 21%. 


In earlier studies (2, 13,14), the extended Hildebrand approach was 
successful in reproducing the solubility of solid drugs in binary solvents, 
both polar and nonpolar. Although it is satisfactory in the current work 
for most solvents studied, this method cannot be expected to apply where 
strong interactions exist. The predictive power of the extended Hilde- 
brand approach is, therefore, less than that of the other two proce- 
dures. 


By knowing XpOb at a specified temperature for naphthalene in non- 
polar solvents, it is possible to calculate the solubility at other tempera- 
tures using the extended Hansen or Hildebrand approach. However, for 
polar solvents such as methanol, this simple procedure is not successful. 
UNIFAC appears to be more suitable for calculating the solubility of 
naphthalene in polar and nonpolar solvents at various temperatures. 


Naphthalene, a relatively simple molecule, is a good solute to begin 
a study of solubility in pure solvents; however, it is a poor model for drug 
solubility. Although this molecule provides T electrons for solute-solvent 
interactions, its lack of functional groups and side chains renders it 
considerably less nonideal than those typically encountered in the 
pharmaceutical sciences. 


Knowledge gained from these relatively simple and well-behaved 
systems must now be applied to real drug solutions in individual polar 
solvents before conclusions can be reached regarding the applicability 
of the extended Hansen, extended Hildebrand, and UNIFAC 
methods. 


APPEND I X 


The UNIFAC method is based on the well-known group contribution 
method and was developed to estimate activity coefficients in mixtures 
of nonelectrolytes. As stated by Eq. 9, the logarithmic activity coefficient 
is divided into two parts, combinatorial (log a:) and residual (log a!). 
The combinatorial part results essentially from differences in sizes and 
shapes of the molecules in the mixture; the residual part is due mainly 
to interaction energies of species in solution. 


The method involves extensive use of equations and definition of terms, 


but the user simply provides heats of fusion, melting points of solid so- 
lutes, and group numbers for the various atoms and chemical groups that 
make up the molecules. From the group numbers supplied, the computer 
program calculates volume, R,  and area, Q, parameters as required for 
the combinatorial activity coefficient. Energies of interaction, am” and 
anmr are calculated for the residual activity coefficient, where m and n 
are interacting groups and amn # anm. Tables of volume, area, and in- 
teraction energy parameters for some 300 groups are found in the liter- 
ature (25). 
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Abstract A theory was developed to describe interfacial transport 
kinetics of a series of drug homologs in a two-phase transfer cell. When 
tested, the theory held true for 5,5-disubstituted barbituric acid deriv- 
atives in a preequilibrated octan-1-01 = (pH 5 )  aqueous buffer system 
maintained at 37" and stirred symmetrically a t  50 and 100 rpm. Theo- 
retical prediction of transfer kinetics was not possible in such a cell if the 
phases were stirred asymmetrically. For symmetric stirring, successful 
prediction of the transfer kinetics of any homolog in the series was pos- 
sible from a knowledge of the partition coefficient and transfer kinetics 
of the parent compound, the partition coefficient of the homolog, and 
some easily determined system variables. The viscosity and density of 
the two phases and the phase-volume ratio were needed to define a sys- 
tem constant dependent on the solute diffusion coefficient, interfacial 
area, donor phase volume, and the boundary layer thickness for diffusion 
in the donor phase. A method is described to enable estimation of this 
constant from a knowledge of the transfer kinetics of the parent com- 
pound. The rank order of compounds in terms of their observed first- 
order transfer rate constants is shown to be dependent on the charac- 
teristics of the solvent system and stirring conditions employed, as well 
as on the physical chemistry of the solutes. The results are discussed in 
light of previously documented investigations. 


Keyphrases a Transfer kinetics-thermodynamics, nonionized bar- 
bituric acid derivatives in the two-phase transfer cell 0 Barbituric 
acids-derivatives, thermodynamic dependence of interfacial transfer 
kinetics in the two-phase transfer cell Two-phase transfer cell- 
thermodynamic dependence of interfacial transfer kinetics of nonionized 
barbituric acid derivatives Thermodynamics-interfacial transfer 
kinetics of nonionized barbituric acid derivatives in the two-phase 
transfer cell 


To exert a biological effect, a drug moiety must reach its 
receptor site by passing through a series of hydrophilic and 
hydrophobic regions. .The ease with which this transfer is 
accomplished affects the duration and intensity of the 
resultant biological response. 


BACKGROUND 


Two model systems used to investigate the transfer of solute from 
hydrophilic to hydrophobic regions are the two- and three-phase transfer 
cells (1,2). Gordon and Sherwood (1) used a two-phase system of water 
and butanol to study the transfer of various solutes across the interface. 
Their studies provided data that supported the two-film theory of Lewis 
and Whitman (3). An aqueous n-octanol (pH 4.3) two-phase system was 
employed by Schumacher and Nagwekar (4) to study the transfer of 
sulfonamides. They ( 5 )  also varied the composition of the organic phase 
in the cell to determine the effect on the transport of the same drugs. The 
effect of varying the aqueous phase pH on salicylic acid transfer was also 
investigated (6). Since the transfer of ions through lipid membranes is 
fundamental to cell function, Ting et al. (7) used the two-phase transfer 
cell to investigate this transport for monovalent cations in uitro. 


The three-phase transfer cell used (2) to study water diffusion and the 
transport of various salts through interfaces was modified by Perrin (8). 
It was used to study the transfer of solutes from an aqueous compartment 
of pH 2 through a lipid membrane to a second aqueous compartment a t  
pH 7.4 to simulate gastric absorption of salicylic acid and aminopyrine. 
Doluisio and Swintosky (9) mimicked in uiuo conditions using a three- 
phase rocking Y-tube apparatus in which the interfacial area available 
for drug transfer varied with respect to time. Correlations between in uiuo 


drug absorption data and in uitro rate constants for three-phase transfer 
(where the pH of the aqueous compartments was varied) were also at- 
tempted for a series of sulfonamides (10). 


Neither the solvent system nor the stirring arrangement associated 
with the respective phases of two- or three-phase transfer cells is stan- 
dardized in the literature. This situation presents a problem when at- 
tempting to compare results among studies. Indeed, it was observed (11) 
that both the magnitude and rank order of the rate constants for drug 
transfer are significantly dependent on the design of the cell and the 
agitation conditions used. 


This study demonstrates how the transport kinetics of a series of ho- 
mologs may be successfully predicted from a knowledge of the transfer 
kinetics of the lead compound, its partition coefficient, the partition 
coefficients of the remaining homologs, and some simply determined 
system-dependent parameters in a symmetrically stirred two-phase 
transfer cell of known dimensions. 


THEORY 


Byron et al. (12) used a two-phase transfer cell, containing equal vol- 
umes of a preequilibrated aqueous phase and light liquid petrolatum (Fig. 
I), to study the kinetics of interfacial transport of a model solute (cy- 
clohept-2-enone) in the presence and absence of competing degradation 
in the aqueous phase. Their results supported the validity of the two-film 
theory (3) with assumptions of no significant interfacial resistance, no 
thermal, electrical, and osmotic gradients, and steady-state diffusion in 
the two-phase transfer cell. Values for the ratio of the forward and reverse 
first-order rate constants for the partitioning process (k12/k21, Scheme 
I) from kinetic analysis agreed with equilibrium studies to determine the 
partition coefficient KD. Thus, the cell (Fig. 1) was shown to conform 
kinetically to Scheme I when the stirring speed remained constant, 
provided that the partition coefficient of the compound was concentration 
independent over the concentration range studied and the compound 
was stable for the duration of the experiment. 


The concentration C1 of the solute in the donor aqueous phase was 
described by: 


(Cl - Cf)  E (Cy - C;) e-(klZ+kdf (Eq. 1) 


where C1= Cp and Cz = 0 at time t = 0, Cf is the equilibrium concen- 
tration of the aqueous phase, and klz and kzl  are the first-order forward 
and reverse rate constants for the transfer process. Thus, a plot of ln(C1 
- C y )  uersus time is linear with a negative slope S, defined by the sum 
of the forward and reverse rate constants (klz  + kzl) in Scheme I. 


The partition coefficient ( K D )  may be determined either by kinetic 
analysis (12) or equilibrium studies from: 


KL, = klz/kzl= C,"/C; (Eq. 2) 


where C; and Cf are the equilibrium concentrations in the organic and 
aqueous phases, respectively. When a transfer experiment conforms to 
Scheme I, Eq. 1 may he rewritten in terms of K D ,  Cy, and the observed 
first-order rate constant, S (= klz  + k z l ) ,  by substituting for CF = (Cp 
- C;) in Eq. 2 and C ;  in Eq. 1 and rearranging to give: 


C1 = [CP/(KD + r)](KDe-St + 1) (Eq. 3) 


c, 
Scheme I 
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Figure 1-Two-phase transfer cell with symmetric stirring. 


Equation 3 defines the C1 versus time profile in the two-phase transfer 
cell given the aqueous donor phase concentration at t = 0, the partition 
coefficient, and the sum of the forward and reverse rate constants for the 
partitioning process. 


Assuming the validity of the two-film theory (3) and Fick’s first law 
of diffusion, Byron et al. (12) showed that the sum of the forward and 
reverse first-order rate constants in the two-phase transfer cell should 
be described by: 


where subscripts 1 and 2 refer to the aqueous and organic phases, re- 
spectively, and S is dependent on the solute diffusion coefficients ( D ) ,  
the phase volumes (V), the diffusion boundary layer thicknesses a t  the 
interface (h) ,  and the solute partition coefficient (KD) .  It follows from 
Eq. 4 that, if this theory and its assumptions hold true for the two-phase 
transfer cell given D1, Dz, V1, Vp, hl, hz, A ,  and KO, the C1 uersus time 
profile could be predicted theoretically from Eq. 3 if an initial solute 
concentration Cp were assumed. 


The partition coefficients ( K D )  of solutes in specified solvent systems 
at  fixed temperature may be determined empirically. Alternatively, KO 
can be predicted for unsynthesized analogs (13,14) from a knowledge of 
the partition coefficient of a lead compound and its substituents. In a 
transfer cell, the interfacial area and phase volumes may he kept constant 
throughout the experiment. The dependence of S on KD (Eq. 4) for a 
given solvent system in the transfer cell at fixed stirring speed, however, 
still necessitates accurate theoretical prediction of D1, Dp, hl, and hz. 
Theoretical predictions of absolute values for these parameters is prob- 
lematic. Moreover, they will determine the nonlinear dependence of S 
on K D  and, thus, the changes in C1 uersus t profiles (Eq. 3) that may be 
expected when an homologous series is ascended. 


Prediction of Diffusion Coefficients-The Stokes-Einstein rela- 
tionship (15) predicts the diffusion coefficient (DAB)  of a diffusing solute 
(A) in a specified solvent ( B )  as: 


nrn 


(Eq. 5) 


where the coefficient is a function of the gas constant ( R ) ,  the absolute 
temperature (T), Avogadro’s number ( N A ) ,  the viscosity of B ,  7, and the 
radius ( a )  of the diffusing solute molecule. Whereas Eq. 5 has been shown 
to break down for solutes with molecular weights significantly less than 
1000 (16), Wilke and Chang (17) developed Eq. 6 to predict DAB for so- 
lutes in dilute solution. The Wilke equation: 


DAB = (7.4 X lo-’’) ( # & ~ B ) ~ / ~ T / ( ~ V ; ~ )  (Eq. 6) 


is empirical, although it is based on Eq. 5. Experimental determinations 
of D m  for numerous low molecular weight solutes (A) in various solvents 
( B )  fall within 10% of the values predicted by Eq. 6 (17,18). Equation 6 
is written in the centimeter-gram-second system and takes into account 
the associating tendencies of the solvent molecules as an association 
parameter ( $ B ) ,  theif molecular weight (MB), and replaces the molecular 
radius (Eq. 5) with VA, the molar volume of the solute (A) in cm3/mole 
as a liquid at  its normal boiling point. Typical solvent association pa- 
rameters ( $ B )  were listed by Wilke and Chang (17). 


Prediction of Boundary Layer Thicknesses for Diffusion at In- 
terface-The boundary layer theory first introduced by Prandtl (19) 
and extended by Schlichting (20) assumes a condition of “no slip” at a 
solid-liquid or immiscible liquid-liquid interface due to molecular ad- 
hesion. This approach introduced the concept of a stagnant layer adjacent 
to an interface, where fluids are observed to behave in a nonideal fashion. 
If the velocity profile in one phase of the two-phase transfer cell is con- 
sidered, then, provided a horizontal plane (Fig. 1) in the fluid adjacent 
t o  the stirring paddle approximates a rotating disk, Schlichting’s 
boundary layer theory (21) predicts that the angular velocity of the fluid 
( w )  is directly proportional to the kinematic viscosity of the fluid, v(=q/p,  
where p is density), and inversely proportional to the square of the dis- 
tance from the paddle (x2) in the vertical direction (Fig. 1). Thus 


w a v lx2  (Eq. 8) 


such that w will asymptotically approach zero as x 2  - m. Moreover, it 
follows from Eq. 8 that in the case of symmetric stirring in a two-phase 
transfer cell: 


w d w 2  = v,/v, (Eq. 9) 


where subscripts 1 and 2 refer to the aqueous and organic phases, re- 
spectively. Equation 9 can be derived by writing Eq. 8 for each phase of 
the symmetrically stirred transfer cell and holding the distance z from 
the stirring paddle constant, such that 0 < x 1 =  z2 < x , ,  where zi is the 
distance between the stirring paddle and the interface. It follows from 
Eq. 9 that for two immiscible solvents of different kinematic viscosities 
(Fig. l), one solvent must move relative to the other under conditions of 
symmetric stirring where the angular velocities of both paddles are equal 
and constant. 


Thus, when the condition of no slip is assumed at the interface, the bulk 
of the aqueous phase may be conceptualized as a disk with angular ve- 
locity (w)  rotating relative to a stationary organic phase or as an organic 
phase with angular velocity (-w) rotating relative to a stationary aqueous 
phase. Schlichting’s original work was based on the estimation of the 
boundary layer thickness as the distance from an interface required to 
enable the velocity of the fluid under consideration to approach that of 
the bulk. Marked differences occur in the types of equations used, de- 
pendent on whether velocity, thermal, or diffusive boundary layer 
thicknesses are to be calculated. Levich (22) introduced an equation, 
based on Schlichting’s work, permitting the prediction of the boundary 
layer thickness for diffusion adjacent to a rotating-disk electrode in a 
stationary fluid. Levich’s equation was shown to hold true for systems 
of the type depicted in Fig. 1 (23) and can be written for hl and h2 (Eq. 
4) such that: 


hl  = l.62(Dl/vl)1w(vl/w)1~2 (Eq. 10) 


hp = ~ . ~ ~ ( D Z / Y ~ ) ~ / ~ ( Y Z / W ) ~ / ~  (Eq. 11) 


where w is the angular velocity of one phase relative to the other. 
Prediction of absolute values for D1 and D2 and hl and hp remains 


problematic. The dimensionless ratios of the diffusion coefficients 
( D I / D z )  and the diffusive boundary layer thicknesses (hllhz) in the 
aqueous and organic phases, however, may be determined by writing Eq. 
6 for D1 and D2 and solving for the quotient D1/Dp, assuming T is con- 
stant, such that: 


and 


(Eq. 12) 


and dividing Eq. 10 by Eq. 11 to give 


hllhz = (D1/D2)1/3(v1/v2)1’6 (Eq. 13) 


Solving Eqs. 12 and 13 for D2 and hp and substituting in Eq. 4 give: 


S = [ (DIA) / (VI~~) ]~RI(KD r)/[RlKD 
+ (Ri)”3(Rz)1/6($iMi)1/3($z~~)-1/3]} (Eq. 14) 


where R1= 11/72, Rp = uz/v1, and r = V1/Vz. Equation 14 is now in a form 
that enables the prediction of the sum of the forward and reverse first- 
order rate constants (k lp  + k21) in Scheme I for any compound in an 
homologous series, provided that S and KO are known for the parent 
compound. KO can be predicted for each compound under consideration, 
while the solvent system-dependent constants R1, Rp, r ,  $1, $2, M I ,  and 
Mp may be determined easily. 


The term (DIA)/(Vlhl) must first be estimated experimentally for 
the system under consideration from a knowledge of the transfer kinetics 
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of the parent compound. This estimation can be made by rearranging Eq. 
14 to give: 


( D l A ) / ( V l h d  = (S[RlKD + (R1)'/3(R2)1/6(~1M1)1/3 
( " f z ) - ' / 3 ] l / [ R i ( K ~  + r ) ]  (Eq. 15) 


Viscometry and densitometry measurements on the mutually saturated 
binary solvent system under investigation (constant temperature) yields 
R1 and Rp. The phase ratio ( r )  and molecular weights of the solvents (MI 
and M2) are known. Wilke (17) quoted values for the association pa- 
rameters and &, recommending values of 2.6 for water, 1.9 for meth- 
anol, 1.5 for ethanol, and 1.0 for benzene, ether, heptane, and other un- 
associated solvents. 


The partition coefficient (KO)  may be determined experimentally from 
C:/Cf for the parent compound. The initiation of a transfer experiment 
by introduction of a bolus of the parent solute into the aqueous donor 
phase of the transfer cell and the study of its transfer kinetics a t  fixed 
temperature and stirring speed enable estimation of S(=k12 + kpl) 
according to Eq. 1. The term (DlA) / (Vlhl )  may then be determined from 
Eq. 15. 


With fixed stirring conditions, constant temperature, and constant 
V1, A / (  V lh l )  should be independent of the solute under consideration. 
Moreover, it was shown (15) that the diffusion coefficients of nonasso- 
ciated solutes change insignificantly within a homologous series be- 
cause: 


D a 1 1 3 a  (Eq. 16) 


where M, is the molecular weight of the solute. The term ( D l A ) / ( V l h l )  
can thus be considered constant within a homologous series once esti- 
mated under defined conditions for the parent compound in the two- 
phase transfer cell. Therefore, Eq. 14 can be used to calculate S as a 
function of KD within a homologous series. 


Given the theoretical estimation of KO for unsynthesized compounds 
the prediction of partitioning kinetics should be possible without ex- 
haustive experiments. This theory was evaluated experimentally using 
a series of barbituric acid derivatives. 


EXPERIMENTAL 


Determination of S for  a Series of 5,5-Disubstituted Barbituric 
Acid Derivatives-Transfer kinetics were studied for a series of 5,5- 
disubstituted barbituric acid derivatives (Table I) in the two-phase 
transfer cell shown in Fig. 1. The drugs in concentrations of -1.3 X 
M were introduced as solutes into the donor aqueous phase. The cell used 
contained preequilibrated octan-1-01' and 0.06 M Sorensen's buffer (pH 
5.0) (24). Preequilibration was effected by stirring for >6 hr prior to solute 
introduction. Phase volumes were kept constant such that V1 = Vp, 90 
ml ( r  = 1). During the transfer experiments, the phases were stirred2 
symmetrically (Fig. 1) with a 4-cm diameter stirring paddle positioned 
1 cm from the interface in each phase, rotating at  50 or 100 (f0.5) rpm. 
The circular glass cell was 6.75 cm i.d. 


The aqueous phase was pumped3 through a flowcell in a spectropho- 


0 50 150 25Q 
KO 


Figure 2-Dependence of S (= klz + kzL) (Eq. I ;  Scheme I ) ,  on KD for 
I-VI (Table I )  at 50 ( X )  and 100 (0) rpm at 37". The dashed (50 rpm) 
and solid (100 rpm) profiles are theoretical curues based on Eq. 14 after 
calculation of (DlA)/(VlhL) from Eq. 15. 


Specgrade, Fisons Ltd., Loughborough, England. 
Model KQT59 stirrer, Citenco Ltd., Herts, England. 
Model RPD lab pump, Fluid Metering Inc., Oyster Bay, NY. 


Table I-Structures, Molecular Weight, pKa Values and Source 
of Barbituric Acid Derivatives Used in the  Study 


O H  


Com- Molecular pKaa 
pound R R' Weight (25") Source 


I CH3CH2- CH, -CH,I 184.20 7.91 
I1 CHz=CHCHz- CH,CH- 210.23 7.91 


I 
CH3 


I 
I11 CH2=CHCHz- CH,CHCHz- 224.25 7.68 


CHI 


d IV CHp=CHCHp- CH&H&H- 224.25 
I 


CH, 


V CHp=CHCHz- CHa(CH&CH- 238.27 8.08 
I 


CH3 


VI CHp=CHCHp- CH,=CHCH,- 208.21 7.79 


a Reference 25. * Hopkins and Williams, Essex, England. Ganes Chemical 
Works, Carlstadt, N.J. d Sterling-Winthrop Research Institute, Rensselaer, 
N.Y. 


tometei'. The concentration in the donor phase ((21) was continuously 
monitored by automatically recording5 the absorbance as a function of 
time at  222.5 nm (the isosbestic point for all the compounds) until 
equilibrium was attained. Control experiments monitoring 222.5 nm 
absorbance in the absence of the organic phase showed that Compounds 
I-VI were stable for the time course of a kinetic determination. Equi- 
librium partition coefficients determined at  37' were concentration in- 
dependent in the range employed during the kinetic experiments. Plots 
based on Eq. 1 of ln(C1- Cf)  uersus t were linear for >95% of the process. 
The terminal slope ( S )  was determined in each case by linear regression 
analysis. 


Parti t ion Coefficients-Values of KD were estimated in triplicate 
by equilibrating I-VI at  37' in the solvent system previously defined. The 
phase ratio ( r )  was adjusted such that concentrations in the aqueous 
phase gave 0.1 < (Abs)zzz.s nm < 0.9, and KD was calculated from: 


KO = [(Cp - C f ) r ] / C ;  (Eq. 17) 


where Cp and Cf are the initial and final concentrations in the aqueous 
phase. 


Viscometry and Densitometry-The viscosities and densities of 
mutually saturated octan-1-01 and 0.06 M Sorenson's buffer (pH 5.0) were 
determined in replicate relative to water at  37" using an Ostwald U-tube 
viscometer and a 10-ml specific gravity bottle. Mean values for and p 
enabled estimation of R1 and Rp (Eq. 14). 


Dependence of Transfer Kinetics on KD-Values for the ratios R1 
and Rp were determined as previously described. Molecular weights Mz 
and M1 for preequilibrated octan-1-01 and 0.06 M Sorenson's buffer (pH 
5.0) were assumed to be 130.23 and 18.02, respectively, as if they were pure 
octanol and water. The association parameters $1 and $2 were assigned 
values of 2.6 and 1.0 (17). Values for S were determined from experi- 
mental data for C1 uersus t for each compound at  both stirring speeds. 
Plots of ln(C1- Cf )  uersus t were subjected to linear regression analysis 
to determine the value of the linear negative slope S ( = k ~ p  + k z l )  ac- 
cording to the logarithmic form of Eq. 1. Values for the coefficient 
( D l A ) / ( V l h l )  were calculated for I-VI based on r = 1 and their experi- 
mentally determined values for S a t  50 and 100 rpm using Eq. 15. Thus, 
two mean values for the coefficient were calculated at  the different 
stirring speeds. The theoretical dependence of S(=klz  + kpl) on KD was 
determined for the octan-1-01 buffer system at 37" using Eq. 14. Calcu- 
lated values for S were compared to those determined experimentally 
for I-VI. 


Model SP500, Pye-Unicam, Cambridge, England. 
Model 26000 recorder, Bryans Southern Instruments, Mitcham, Surrey, En- 


gland. 
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Table 11-Theoretical and Experimental Estimates for S (=ku + k21) at 50 and 100 rpm in Transfer Cell and Mean Octanol-pH 5.0 
Buffer Partition Coefficients at 37" for I-VI 


50 rpm 100 rpm 
Percent Percent 


Compound" KB s th S t b s  Errore s t h  s t b a  Error 


15.7 2.78 2.83 -1.8 4.55 4.41 3.2 I1 
I11 19.3 2.84 2.64 7.6 4.66 4.68 
TV 6n.n 3.08 3.06 0.1 5.04 4.89 3.1 


I 4.5 2.18 2.10 3.8 3.57 3.80 -6.1 


-0.4 
-_._ - .. 
67.0 3.09 3.17 -2.5 5.07 5.36 -5.4 


1.4 
-+ 
VI 250.0 3.18 3.23 -1.5 5.21 5.14 


a Table I. * Observed, mean of three determinations. c Equation 14; expressed in min-' X lo2. ( k n  + kzl)  based on kinetic analysis (Eq. 1) b i n - '  X 10'). 100 (Sth 
- Sobd/Sobv 


RESULTS 


Determination of S for a Series of 5.5-Disubstituted Barbituric 
Acid Derivatives-Plots of ln(C1 - C;)  versus t based on Eq. 1 were 
linear for >95% of the partitioning process for each compound studied 
at either 50 or 100 rpm. Observed terminal slopes, sobs ( = k n  + k21), are 
documented in Table I1 after determination for each of the derivatives 
of I-VI by linear regression (correlation coefficient r > 0.99, n > 10). 


Partition Coefficients-Partition coefficients as mean values from 
triplicate determinations for I-VI at 37" in the solvent system previously 
described are shown in Table I, these values are based on Eq. 17, with an 
experimental deviation from the mean of <8%. 


Viscometry and Densitometry-Mean viscosity and density values 
of the aqueous and organic phases used in the study were determined as 
0.7005 X and 4.806 X 10-2 poise and 1.0017 and 0.8148 g/ml, re- 
spectively, at 37". 


Dependence of Transfer Kinetics on Partition Coefficient-Mean 
values for the coefficient (DlA)/(Vlhl) were determined for I-VI as 3.21 
X (f0.13 X and 5.26 X (f0.21 X min-I a t  50 and 
100 rpm, respectively (Eq. 15). The dashed and solid curves of S versus 
K D  in Fig. 2 were generated using Eq. 14 for the octanol buffer system 
with (D1A)I(Vlhl) held constant a t  these mean values for 50 and 100 
rpm. They show the theoretical dependence of the sum of the forward 
and reverse rate constants k lz  and kzl  (Scheme I) on the equilibrium 


0.07 


- 
I 
C .- 
E 
vi 


0 
I A,- 
0 l-0 20 " 100 


KD 
Figure 3-Theoretical dependence ofS on KD (Eq. 14) in the two-phase 
transfer cell at 50 rprn for (a) the octanol-aqueous system used in this 
study, (b) a butanol-aqueous system at 35", and (c) a chloroform- 
aqueous system at 35". The ualues of the coefficient (DlA)/(Vlhl) and 
r were held constant at 3.21 X loV2 min-1 and I, respectively. Associ- 
ation parameters (#) were assigned ualues of 2.6, 1.0, 1.0, and 1.0 for 
water (M = 18.02), octanol (M = 130.23), butanol (M = 74.12), and 
chloroform (M = 119.38), respectively (17). The profile a was generated 
with R1= 0.149 and R2 = 8.435, their experimentally determined ualues. 
For curves b and c ,  literature ualues (28,29) were utilized for the pure 
solvents such that R1 = 0.340 and 1.430 and Rz = 3.522 and 0.480 for 
butanol-water and chloroform-water systems, respectiuely. 


partition coefficient KO. Experimental determinations of S (=kl2 + kzi), 
determined by kinetic analysis of C1 versus t profiles for I-VI at the two 
stirring speeds (from data anlysis using Eq. 1). are shown. The percentage 
error involved when determining s from Eq. 14 (&h) as opposed to ex- 
perimentally in the two-phase cell @&) at either stirring speed is shown 
in Table I1 to be 68%. Table I1 summarizes these errors and the values 
of S th ,  Sobs, and K D  at  50 and 100 rpm for I-VI. 


DISCUSSION 


The theory describing the dependence of the sum of the forward and 
reverse first-order rate constants ( S )  in Scheme I on KD was derived in 
this study for solutes introduced into a donor phase of a stirred transfer 
cell (Eq. 14). For this theory to hold true, the solute must conform to 
Scheme I and neither dissociate nor associate in the organic or aqueous 
phases a t  experimental concentrations. An aqueous buffer (pH 5.0) was 
chosen to ensure that the barbituric acid derivatives were insignificantly 
ionized (<l%) in the aqueous phase of the cell, provided the pKa values 
quoted in Table I at 25O were 27  at 37". These studies showed that the 
partition coefficients of I-VI varied insignificantly with concentration 
in the experimental ranges. This finding agrees with previous observa- 
tions (26). Therefore, it was unlikely that these compounds existed sig- 
nificantly a s  other than unionized monomers in either phase. 


The validity of the two-film theory in the two-phase transfer cell was 
established previously (1,12). Experimental conditions were chosen such 
that both phases were mutually saturated, and the transfer cell was 
maintained at  37" to eliminate temperature gradients. Evaporation of 
water uia diffusion through the upper organic layer was minimized by 
covering the cell and was negligible during 24 hr at 37". The adequacy 
of Eqs. 1 and 3 in describing the experimental data, together with the 
absence of a visible lag time, implies rapid achievement of steady-state 
diffusion conditions in the transfer cell. The assumption of steady-state 
diffusion is involved in the derivation of Eq. 4. Similarly, the agreement 
between the continuous data for C1 versus t and Eqs. 1 and 3 supports 
the assumption of an effectively constant interfacial area, A ,  at both 50 
and 100 rpm. 


The remaining assumptions necessary to develop this theory and Eq. 
14 require that solvent flow in each phase is essentially laminar (low 
Reynold's number) and that the bulk of the organic phase rotates in 
relation to the bulk of the aqueous phase. This approach enabled pre- 
diction of the dimensionless term hl/hz by assuming the validity of the 
Levich equation (Eqs. 10 and 11) and the existence of symmetric stir- 
ring. Similarly, the validity of Wilke's equation (Eq. 6) and his solvent 
association parameters, # B ,  were necessary for determination of 01/02. 
Wilke's equation for low molecular weight nonassociating solute mole- 
cules in dilute solution enabled calculation of (#1M1)1/3(#2M2)-1'3 for 
use in Eqs. 14 and 15. The absence of significant interfacial resistance, 
osmotic gradients, effective constancy of diffusion coefficients within 
a series of drug derivatives, and the validity of these latter assumptions 
can only be verified by testing the dependence of S on K D  and by com- 
paring the theory to empirical observations. 


Figure 2 and Table I1 show the theoretical and experimental depen- 
dence of S (=klz  + kz l )  (Scheme I) on KD for I-VI in an octanol-aqueous 
system at  37". The excellent agreement between experiment and theory 
(theoretical prediction of S varies <8% from empirical determinations, 
Table 11) demonstrated the validity of the assumptions for the two-phase 
transfer cell. Moreover, Fig. 2 and Eq. 14 demonstrate clearly how the 
transport kinetics of a series of drug analogs may he predicted from a 
knowledge of the transport kinetics of the parent compound and its 
partition coefficient. Given either experimental determination of the 
partition coefficient of subsequent analogs or its theoretical predic- 
tion for even unsynthesized compounds (13, 14), a single estimation 
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Figure 4-Theoretical dependence of S on KD (Eq. 4) for conditions 
of symmetric (a) and asymmetric (b and c) stirring in a n  octanol- 
aqueous system a t  37” in the two-phase transfer cell. The ratio of 
boundary layer thicknesses for diffusion, hl/hz, were varied such that 
hl/hz = 1.12 (curve a; the present study with symmetric stirring), 0.1 
(curve b), and 10 (curve c). Other variables were held constant (see 
text). 


of (DIA)/(Vlhl) (Eq. 15), after determination of R1, R2, r ,  and 
(#1M1)1/3(#zMz)-1/3, is possible from kinetic analysis for S (=k12 + kzl) 
(Eq. 1) for the parent compound in the transfer cell. The agreement be- 
tween theory (Eq. 14) and experiment (Fig. 2) demonstrates that the 
(D,A)/(Vlhl) estimate (Eq. 15) applies to  the entire series at  a fixed 
stirring rate. Therefore, once the system is defined, the dependence of 
S on KO can be evaluated, Prediction of C1 versus t profiles for the re- 
maining compounds in the series thus is possible for a given donor phase 
concentration at  t = 0, C!, using Eq. 3. 


Variation of Solvent Systems and Stirring Conditions-Neither 
the solvent systems nor the stirring conditions associated with the two- 
phase transfer cells documented in the literature were standardized. 
Gordon and Sherwood (1) employed an aqueous-butanol system while 
Zecchi et al. (6) used benzene as the organic phase. Symmetric (27) and 
asymmetric (1) stirrers also were described. The dependence of transfer 
kinetics on KO in systems containing either various organic phases or 
asymmetric stirring methods will be different from that shown in Fig. 
2 for the symmetrically stirred aqueous-octanol system. 


Values for the solvent system dependent variables R I ,  Rz ,  $1, $2, M I ,  
and M2 were obtained for butanol-water and chloroform-water systems 
at 35’ (17,28,29) and are documented (Fig. 3). The coefficient (D1A)I 
(Vlhl)  was held constant at  3.21 X min-l. The theoretical depen- 
dence of S on K D  for these two systems with symmetric stirring and r = 
1 is shown in Fig. 3 according to Eq. 14. The theoretical curve for the 
octanol-aqueous system used in the present study is shown for compar- 
ison. Although KO is itself a function of the solvent system employed, 
at  a given KD value in Fig. 3 the gradient dS/dKD may be positive, neg- 
ative, or zero, depending on the solvent system employed. This behavior 
disproves the often stated assumption that S values are proportional to 
K D  values. 


To determine the effect of asymmetric stirring on the dependence of 
S on KD for a given solvent system, it is necessary to solve Eq. 12 for Dz 
and to substitute in Eq. 4. The value for the ratio 0 1 / 0 2  was maintained 
at  4.032, its calculated value from Eq. 12 for the aqueous-octanol system 
at 37”. The phase volumes V1 and V Z  were held constant and equal. 
Equation 4 was used to determine the dependence of S on KD for hJh2 
= 1.12 (the ratio for symmetric stirring in the aqueous-octanol system 
at 37O), 0.1, and 10.0. Figure 4 illustrates the likely effect of asymmetric 
stirring where hl/hz would be expected to change on the resultant de- 
pendence of S on KD for a specified solvent system at fixed temperature. 
The gradient dS/dKD at a fixed KD value may be positive, negative, or 
zero, depending on the stirring conditions employed. 


The results from extrapolation of the present theory are shown in Figs. 
3 and 4. Studies are in progress to test these extrapolations experimentally 
in appropriate systems. These implications are fundamental to transport 
kinetic studies employing two- or three-phase transfer cells. Augustine 
and Swarbrick (10) used a three-phase transfer cell to rank a series of 
compounds dependent on a parameter proportional to k12 (Scheme I). 


Other investigators (9) attempted to discriminate between compounds 
on the basis of their partitioning kinetics. However, i t  is clear from Figs. 
3 and 4 that such a procedure in an unstandardized transfer cell is nothing 
more than a study of solvent systems and stirring paddles, provided that 
the present theory is correct. The observation (Figs. 3 and 4) that dS/dKD 
may be positive, negative, or zero a t  fixed KD means that S (=klz + kzl) 
and, therefore, C1 versus t profiles for a series of compounds may be 
ranked merely by the experimental solvent and stirring conditions. 


The choice of solvent is a subject for debate in that the solvent system 
itself defines the partition coefficient of the compounds studied. The use 
of asymmetric stirring in two- and three-phase cells however, necessitates 
the absolute estimation of individual values for h l  and hp (Eq. 4). Abso- 
lute boundary layer thicknesses can only be approximated (20). The 
dependence of S on K D  must be established empirically under asym- 
metric stirring conditions. The theoretical approach described in this 
paper, which is only applicable to symmetric stirring, utilizes the di- 
mensionless ratio hl/h2 in the derivation of Eq. 14, which predicts the 
kinetics of transfer as a function of KD. 
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Abstract At 2 min after intravenous injection of isosorbide dinitrate 
(1 mg/kg), mean plasma drug concentrations were 565 f 66 (SD), 586 f 
43, and 1572 a i  253 ng/ml in the rhesus monkey, cynomolgus monkey, and 
baboon, respectively. Following a relatively short distribution phase, 
mean plasma concent.rations declined with half-lives of 62,23, and 24 min 
in these three species, respectively. The time course of plasma concen- 
trations could be described by a two-compartment open model, although 
a one-compartment open model was adequate for obtaining some phar- 
macokinetic parameters. Statistically significant differences among the 
species were observed in areas under the plasma concentration-time 
curves, plasma half-lives, and volumes of distribution. The pharmaco- 
kinetics of isosorbide dinitrate in baboons most closely resembled those 
in humans. 


Keyphrases 0 Isosorbide dinitrate-pharmacokinetics, intravenous 
administration compared in nonhuman primates Pharmacokinet- 
ics-isosorbide dinitrate, intravenous administration compared in 
nonhuman primates 0 Vasodilators-isosorbide dinitrate, pharmaco- 
kinetics compared in nonhuman primates 


Isosorbide dinitrate, an organic nitrate vasodilator, has 
been in clinical use for many years (1-3). This lipophilic 
drug is almost completely eliminated by biotransforma- 
tion, being rapidly denitrated (4, 5) by the glutathione 
S-transferases (EC 2.5.1.18) (6 ) .  The urinary metabolites 
of isosorbide dinitrate in animals (7-10) and humans (11, 
12) are the corresponding isomeric mononitrates and iso- 
sorbide, which are excreted free and probably partly con- 
jugated with glucuronic acid. Sorbitol has also been shown 
to be a urinary metabolite of isosorbide dinitrate in hu- 
mans (11). 


Little has been reported of the pharmacokinetics of the 
drug in animals, probably because of the difficulty in 
measuring it in plasma; most early data were obtained 
using [ 14C]isosorbide dinitrate. The recent development 
of adequately sensitive analytical methods now permits 
studies of the drug's pharmacokinetics in humans (13- 
15). 


The present study evaluated the pharmacokinetics of 
isosorbide dinitrate in nonhuman primates. 


EXPERIMENTAL 


Materials-Isosorbide dinitrate' solutions suitable for intravenous 
injection were prepared by dissolving the drug in aqueous 10% (v/v) 
ethanol. Solutions of nitroglycerin, 1% (w/v) in ethanol, were obtained 
commercially2 and used as the internal standard. 


Animals-Five female animals of each nonhuman primate species, 
-1.5-3 years of age, were obtained commercially and maintained under 
conditions described previously (16). Animal body weights ranged as 
follows: rhesus monkey, 4 4  kg; cynomolgus monkey, 3 4  kg; and baboon, 


Dosage-The animals were fasted for -16 hr before and 7 hr after 
dosing, but water was provided at all times. Isosorbide dinitrate solution 
(1 mg/kg) was injected within 5 sec into a cephalic vein. This dose level 
was selected as one that might be used in chronic toxicity studies of the 
drug by this route. In humans, doses of 12.5 mg of isosorbide dinitrate 


4.5-7 kg. 


Kindly provided by Pharma-Schwarz, Monheim, West Germany. * Macarthys, Essex, England. 


have been infused during 2.5 hr (15). 
Blood samples (2.5 ml) were withdrawn from a femoral vein before 


dosingandat0.03,0.08,0.17,0.33,0.50,0.75,1.0,1.5,2.0,3.0,and4.0hr 
(4.5 hr in the rhesus monkey) after dosing. The blood was taken into 
heparinized tubes, cooled in ice-cold water after mixing, and rapidly 
centrifuged to remove cells, which then were discarded. The plasma was 
stored at  -20" until assayed. Isosorbide dinitrate is stable in plasma 
under these conditions. 


Drug Analysis-Isosorbide dinitrate concentrations were measured 
in plasma by the electron-capture gas chromatographic procedure of 
Doyle et al. (17). Standard curves were prepared for three concentration 
ranges. Some analytical parameters are shown in Table I. 


Data Processing-A two-compartment open model was fitted3 to the 
plasma isosorbide dinitrate concentration-time data using a nonlinear 
least-squares curve fitting program (16). This program fits a curve to the 
observed data and selects a model by comparing the relative sizes of the 
initial and terminal phases, a and @, but does not allow user-defined se- 
lection of a model. A one-compartment model was fitted to the data as 
a possible alternative to a two-compartment model by normal regression 
techniques. 


The criteria used to assess the data fit (obs = observed, exp = expected) 
from each species weEcoefficient of determination, r2 = (C - R)/R,  
where G = Z: (obs - obs)2 and R = Z: (obs - exp)2; and residual mean 
square, R/(n - 1 - p ) ,  where n is the number of observations and p is 
the number of parameters fitted (four parameters for a two-compartment 
model and two parameters for a one-compartment model). The average 
coefficients of determination (r2) obtained were 0.9852,0.9801, and 0.9925 
in the two-compartment model and 0.9331, 0.9772, and 0.9885 in the 
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Figure 1-Observed plasma concentrations of isosorbide dinitrate after 
a single 1.0-mglkg iu dose to rhesus monkeys (@); cynomolgus monkeys 
(0); and baboons (0). Solid lines show computer-estimated concen- 
trations. 


ICL 2903 computer International Computers Ltd., Greenford, England. 
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Table I-Analytical Parameters for the Measurement of Isosorbide Dinitrate in the Plasma of Nonhuman Primates 


Parameter 
Concentration Range 


0-10 ng/ml 10-250 ng/ml 100-1000 ng/ml 


Regression linea (k SD) 
Accuracy 


Precision 
Limit of detection 
Recovery of internal standard (f S D )  
Recovery of drug (f S D )  


Y = (0.079 f 0.OOl)X 
f100% at  1 ng/ml 
f10% at 10 n /ml 
f8% at 10 ngyml 
0.5 ng/ml 
90 f 4% at 5 ng/ml 
90 f 2% 


Y = 0.003X - 0.028 Y = 0.001X - 0.065 
f 6 %  at  250 ng/ml 


f 5 %  at 250 ng/ml 


91 f 3% at  125 ng/ml 
90 f 4% 


518% at 1000 ng/ml 


f 2 %  at  1000 ng/ml 


91 f 3% at 500 ng/ml 
83 f 4% 


- - 


a Y = peak height ratio; X = drug concentration. b Defined as 95% confidence limits of the least-squares regression line. 


one-compartment model for the rhesus monkey, cynomolgus monkey, 
and baboon, respectively. The residual mean squares obtained for the 
two-compartment model were 37,87, and 73% of those obtained for a 
one-compartment model for the rhesus monkey, cynomolgus monkey, 
and baboon, respectively, indicating that the data were appreciably better 
fitted by a two-compartment model. 


An analysis of variance was performed on each group of pharmacoki- 
netic parameters. Group means were compared using the method of least 
significant differences in conjunction with the Newman-Keuls multiple 
comparison procedure (16). Significance testing was carried out at the 
5 and 1% levels. 


RESULTS 


Plasma Concentrations-After intravenous injection of isosorbide 
dinitrate (1 mg/kg), the mean plasma concentration at 2 min (the first 
time of blood sampling) was similar in the rhesus monkey (565 ng/ml f 
66 S D )  and cynomolgus monkey (586 ng/ml f 43 SD) ,  whereas it was 
about threefold higher in the baboon (1572 ng/ml f 253 SD) (Fig. 1). 
After a short distribution phase in the cynomolgus monkey and baboon, 
mean plasma concentrations declined with a half-life of -25 min to the 
detection limit a t  -4 hr after dosing. In the rhesus monkey, the initial 
and terminal phase (t  l / zp  -60 min) were relatively longer than in the other 
two species. 


Pharmacokinetic Parameters-The observed plasma concentra- 
tions of isosorbide dinitrate could be adequately described by a biexpo- 
nential equation, C, = Ae-"t + Be'+, where C, is the plasma drug 
concentration at time t; A and B are the zero-time intercepts of the initial 
and terminal phases of the concentration-time curve, respectively (Fig. 
1); and (Y and /3 are obtained from the slopes of these phases, respectively. 
Pharmacokinetic parameters were calculated using standard equations 
(18) for a two-compartment open model with elimination from the central 
compartment (Table 11). Plasma concentrations predicted by this model 
were generally in good agreement with observed values (Fig. 1). However, 
since the distribution phase was short, pharmacokinetic parameters were 
also calculated using a one-compartment open model. There were no 
Table 11-Mean Pharmacokinetic Parameters (f SD) for a Two- 
Compartment Open Model after a Single Dose of Isosorbide 
Dinitrate (1.0 mg/kg iv) 


Rhesus Cynomolgus 
Parameter Monkey Monkey Baboon 


Body weight, kg 4.8 f 0.8 3.4 f 0.4 5.8 f 0.9 
A, ng/ml 435 f 113 384 f 222 1139 f 551 
B, ng/ml 220 f 74 427 f 120 843 f 183 
a, min-I 0.12 f 0.13 0.17 f 0.12 0.22 f 0.08 
/3, min-I 0.01 f 0 0.03 f 0 0.03 f 0.01 
k 12, myn-l 0.05 f 0.07 0.04 f 0.04 0.07 f 0.03 
k z l ,  mu-' 0.05 f 0.06 0.11 f 0.08 0.12 f 0.06 
kel, min-I 0.03 f 0.01 0.05 f 0.01 0.06 f 0.01 
C1, ml/min 188 f 29 200 f 37 169 f 30 
t l i za,  mln 10 f 5 6 f 3  3 f l  
t ~ i z g ,  min 62f 13c 23 f 2 24 f 3 
V1, liters 7.1 f 1.3 4.3 f 0.8 3.0 f 0.7 
Vz, liters 6.0 f 2.4 1.4 f 0.7 1.9 f 0.3 
V D ( ~ ~ ) !  liters 13.2 f 2.9" 5.7 f 0.8 4.9 f 0.8 
V D  liters 16.0 f 2.5' 6.7 f 1.2 5.7 f 1.0 


A l a ,  ng hr/ml 61 f 51 56 f 40 101 f 71 
SIP, ng hriml 318 f 39 237 f 61 474 f 74 


A&?, ng hr/ml 409 f 41d 292 f 47' 575 f 37 


See text for details of abbreviations. * Data are the means of the results from 
individual animals. Significance level (analysis of variance) for rhesus monkey 
compared to the other two species ( p  < 0.01). Significance level (analysis of 
variance) for rhesus monkey compared to the baboon (p < 0.05). Significance level 
(analysis of variance) for cynomolgus monkey compared to the other two species 
( p  < 0.01). 


notable differences in parameters calculated with either of the two 
models, except perhaps in the elimination rate constant (Kel) (Table 111). 
However, K,1 obtained for a one-compartment open model was almost 
identical to p calculated for a two-compartment open model. 


An analysis of variance of areas ( A U C )  under the plasma concentra- 
tion-time curves showed that, in respect to this parameter, the cyno- 
molgus monkey was significantly different from the other species and 
that the rhesus monkey was significantly different from the baboon 
(Table 11). 


DISCUSSION 


Relatively little data have been reported concerning the detailed 
pharmacokinetics of isosorbide dinitrate in animals. In dogs (9) and 
humans (13, 15), the plasma concentration-time course of isosorbide 
dinitrate appears to be adequately described by a one-compartment open 
model; in rats (5), a two-compartment open model appears to be more 
appropriate. Although a two-compartment open model seemed suitable 
in nonhuman primates (Table II), a one-compartment open model could 
be used without notable differences in calculated pharmacokinetic pa- 
rameters (Table 111). However, the distribution phase A / a  contributed 
14,15, and 18% of the total area under the plasma concentration-time 
curve in the rhesus monkey, cynomolgus monkey, and baboon, respec- 
tively. This finding indicates that the distribution phase of isosorbide 
dinitrate, although short, should be considered in a pharmacokinetic 
analysis of the drug and that distribution of isosorbide dinitrate into a 
peripheral compartment is a feature of its pharmacokinetics in nonhuman 
primates. 


The systemic clearance of isosorbide dinitrate can probably be regarded 
as reflecting hepatic clearance, although clearance in the intestinal mu- 
cosa also might take place after oral administration; in fact, only -2% of 
an oral dose of isosorbide dinitrate appears to reach the peripheral cir- 
culation intact in the baboon4. Similar low absolute bioavailability of 
isosorbide dinitrate was reported to occur in humans (15). 


In rhesus monkeys, the systemic clearance of isosorbide dinitrate was 
similar to the hepatic blood flow (50 ml/min/kg) reported for this species 
(191, as might be expected for a drug of high hepatic extraction ratio (5). 
By contrast, the systemic clearance of isosorbide dinitrate in humans 
appears to be -10-fold lower than hepatic blood flow (15). Despite this 
species difference in clearance, the drug is subjected to an extensive 
first-pass effect in both these species, as in rats (5). 


Volumes of distribution [ V D ~ ~ ~ ,  and vD(p] ]  and apparent half-lives of 
the terminal phase, t l l z g ,  were significantly greater in the rhesus monkey 
than in the other species (Table 11). However, clearance (C1) and the 
apparent half-life of the initial phase, t l / z a ,  did not differ significantly 
among the species. 


The mean volumes of distribution (VD,,) represented 273, 168, and 
84% of the body weight in the rhesus monkey, cynomolgus monkey, and 
baboon, respectively. These values presumably represent the relative 
extent of tissue uptake of isosorbide dinitrate in these species. In the 
baboon, the volume of distribution was not too dissimilar from the 
probable total body water volume. 


Adopting the two-compartment model, the mean volume of the central 
compartment (V1) was larger than that of the peripheral compartment 
(Vz)  in all three species, the ratios being 1.2, 3.1, and 1.6 for the rhesus 
monkey, cynomolgus monkey, and baboon, respectively. These ratios 
indicate that distribution of isosorbide dinitrate into the peripheral 
compartment is of some importance in i t s  disposition in the body. Indeed, 
simulation of the plasma concentration-time profile of isosorbide dini- 
trate in the central and peripheral compartments showed that equili- 
bration between these two compartments was rapidly achieved. Peak 
mean isosorbide dinitrate concentrations in the peripheral compartment 


* Huntingdon Research Centre, unpublished data. 
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Table 111-Mean Pharmacokinetic Parameters (f SD) for a One-Compartment Open Model Compared to a Two-Compartment Open 
Model following a Single Dose of Isosorbide Dinitrate (1 m d k d  


Parametera 


One-Compartment Modelb Two-Compartment Modelb 
Rhesus Cynomolgus Rhesus Cynomolgus 
Monkey Monkey Baboon Monkey Monkey Baboon 


AUC. ng hr/ml 404c f 51 281d f 47 538 f 21 409“ f 41 292* f 47 575 f 37 
189 f 18 203 f 22 173 f 33 188 f 29 200 f 3 1  169 i 30 ~.~ - ~. _.. - _ _  _ _ _  - _ _  
47f f 4 29 f 4 29 f 2 62f f 13 23 f 2 24 f 3 


12.2f f 2.0 8.5 f 2.0 7.2 f 1.5 13.21 f 2.9 5.7 f 0.8 4.9 f 0.8 
0.02 f 0.01 0.02 f 0.01 0.02 f 0.01 0.03 f 0.01 0.05 f 0.01 0.06 f 0.01 


a For details of abbreviations, see text. * Data are the means of results from individual animals. c Significance level (analysis of variance) for rhesus monkey compared 
to the baboon ( p  < 0.05). Significance level (analysis of variance) for cynomolgus monkey compared to the other two species ( p  < 0.01). t l / z  = t 1/28 for the two-compartment 
open model. f Significance level (analysis of variance) for rhesus monkey compared to  the other two species ( p  < 0.01). g V D  = total volume of distribution = V D ( ~ ~ )  for 
the two-compartment open model. 


were 258,394, and 727 ng/ml in the rhesus monkey, cynomolgus monkey, 
and baboon, respectively. Thereafter, concentrations in both compart- 
ments were similar. 


Adopting a two-compartment open model, the mean ratios of P/Kei 
of 0.43,0.63, and 0.51 in the rhesus monkey, cynomolgus monkey, and 
baboon, respectively, indicated that these fractions of isosorbide dinitrate 
in the body were in the central compartment and were available for 
elimination a t  any time after completion of the drug distribution 
phase. 


The plasma half-lives of isosorbide dinitrate in nonhuman primates 
(rhesus monkey, 62 min; cynomolgus monkey, 23 min; and baboon, 24 
min) (Table 11) were longer than those observed in humans [-9 min, (15)], 
dogs [-7 min, (9)], and rats 1-1 min, (5)]. The latter value for rats was 
disputed by Reed et al. (20) who claimed that it only represented a tissue 
distribution phase. The activity of the enzyme system (glutathione S -  
transferases) responsible for the denitration of isosorbide dinitrate was 
shown to be sex dependent in rodents, but this has not been observed in 
humans and would not be expected in nonhuman primates (21). In none 
of these species, however, would isosorbide dinitrate be expected to ac- 
cumulate under the once daily dosage regimen used in chronic toxicity 
studies. Comparison of the relatively straightforward biotransformation 
of isosorbide dinitrate in different species would probably not provide 
the best criteria for the selection of a suitable species for chronic toxicity 
studies; instead, a comparison of the drug’s pharmacokinetics would be 
more appropriate. Therefore, using pharmacokinetic criteria, the fate 
of isosorbide dinitrate in humans (15) appears to be more closely reflected 
by baboons (Tables I1 and 111) than by either of the other two nonhuman 
primate species studied. 
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Abstract 0 A high-pressure liquid chromatographic assay for folic acid 
in multivitamin-mineral pharmaceutical formulations was developed. 
The internal standard solution used for sample extraction contained a 
chelating agent, pentetic acid, for prevention of metal ion-catalyzed 
degradation of folic acid in the prepared samples. Samples were chro- 
matographed using a paired-ion mobile phase (water-methanol, -76:24; 
0.015 M phosphate buffer, pH 7.0; and 0.3% tetrabutylammonium hy- 
droxide) on a column packed with octadecylsilane bonded to micropar- 
ticulate silica gel. Sample preparation was rapid, and total chromato- 
graphic time was -20 min. The method was accurate, precise, and highly 
specific. Folic acid and the internal standard, methylparaben, were 
separated from other tablet components and a number of potential im- 
purities and degradation products of folic acid. 


Keyphrases 0 Folic acid-high-pressure liquid chromatography, 
multivitamin-mineral pharmaceutical preparations 0 High-pressure 
liquid chromatography-folic acid, multivitamin-mineral pharmaceu- 
tical preparations 0 Multivitamin-mineral formulations-high-pressure 
liquid chromatography, folic acid 


Previous work described the use of various organic 
ammonium salts as ion-pairing reagents for the separation 
of ascorbic acid and folic acid on columns packed with 
octadecylsilane bonded to 5-10-pm silica gel (1-4). A 
high-pressure liquid chromatographic (HPLC) method for 
the quantitation of folic acid bulk drug is now available for 
common use (5,6). However, the successful separation and 
quantitation of folic acid in mineral-containing multivi- 
tamin pharmaceutical formulations have not been re- 
ported. 


This report describes a stability-indicating and highly 
specific HPLC assay for folic acid, which was applied to 
mineral-containing multivitamin formulations and their 
mineral-free counterparts. 


EXPERIMENTAL 


Reagents and  Materials-Dihydrofolic acid', dl-L-tetrahydrofolic 
acid', dl-N-5-methyltetrahydrofolic acid' (sodium salt), p-aminobenzoic 
acid', pterine', pterin-6-carboxylic acid', N- (p-aminobenzoy1)-L-glu- 
tamic acid', and pteroic acid2 were used as received. Reagents used were 
analytical reagent grade or better. The pharmaceutical preparations 
analyzed are commercially available, and their compositions are described 
in Table I. 


Instrumentation-The liquid chromatograph consisted of a high- 
pressure pump3, a valve injector4 equipped with a 10-pl loop, heating 
tape5 and associated temperature control unit6, and a 280-nm fixed- 
wavelength UV detector7 operated at  a sensitivity of 0.01 aufs. Separa- 
tions were performed on a 30-cm X 4-mm i.d. column containing 10-pm 
silica gel with bonded octadecylsilane*. Chromatograms were produced 


Sigma Chemical Co., St. Louis, Mo. 
Gillies International Inc., La Jolla, Calif. 


Model 70-10, Rheodyne Inc., Berkeley, Calif. 
Catalog No. BS-6 1/2, Briscoe Mfg. Co., Columbus, Ohio. 


Model 1203, Milton Roy Co., Riviera Beach, Fla. 
pBondapak C18. Waters Associates, Milford, Mass. 


3 Mini-Pump model, Milton Roy Co., Riviera Beach, Fla. 


6 Model ITC-J10, Valco Instruments Co., Houston, Tex. 


Table I-Compositions of Representative Pharmaceutical  
Preparations 


Coated Compressed Tablet Compressed Tabletb and 
with Minerals" Soft Elastic CapsuleC 


Vitamin A, IU 5000 5000 
Vitamin D, IU 400 400 
Vitamin E, IU 15 15 
Vitamin C, mg 300 60 
Folic acid, mg 0.4 0.4 
Thiamine, mg 10 1.5 
Riboflavin, mg 10 1.7 
Niacin,m 100 20 


Vitamin B p  pg 18 6 
Pantothenic acid, mg 10 
Iodine, pg 150 
Iron, mg 18 
Copper, mg 2 
Zinc, mg 15 
Manganese, mg 1 
Potassium, mg 5 


Vitamin &, mg 6 2 


a Unicap T tablets, The Upjohn Co., Kalamazoo, Mich. Unicap Chewable 
tablets, The Upjohn Co., Kalamazoo, Mich. Unicap capsules, The Upjohn Co., 
Kalamazoo, Mich. 


on a strip-chart recorders. Peak responses were measured using an elec- 
tronic integratorlo. 


Mobile Phase-The mobile phase was prepared by adding 650 ml of 
water, 7.5 ml of a 40% aqueous solution of tetrabutylammonium hy- 
droxide", 2.04 g of monobasic potassium phosphate, 7.0 ml of 3.0 N 
phosphoric acid, and 240 ml of methanol to a 1-liter volumetric flask. This 
mixture was diluted to  volume with water, adjusted to pH 7.0 with 
phosphoric acid or ammonium hydroxide, membrane filteredI2, and 
degassed prior to use. (Column variations may require alterations in the 
methanol and phosphate concentrations.) A flow rate of 1.5 ml/min and 
a pressure of -1300 psig were used. Column temperature was maintained 
a t  35'. 


Internal  Standard Solution-The internal standard solution was 
prepared by mixing together 40 mg of methylparaben, 240 ml of metha- 
nol, 650 ml of water, 12 ml of a 40% aqueous solution of tetrabutylam- 
monium hydroxide, 2.04 g of monobasic potassium phosphate, and 30 
ml of a solution containing 100 mg/ml of pentetic acid (I) in 0.75 N am- 
monium hydroxide. This preparation was diluted to 1000 ml with 
water. 


Standard Preparation-Approximately 32 mg of folic acid USP 
reference standard was accurately weighed into a 100-ml volumetric flask, 
diluted to  volume with the internal standard solution, and mixed well 
until all of the folic acid reference standard was dissolved. Then 4.00 ml 
of this solution was pipetted into a second 100-ml volumetric flask, di- 
luted to volume with the internal standard solution, and mixed well. This 
solution was subsequently protected from prolonged exposure to light. 


Sample Preparation-Folic Acid Bulk Drug-Samples of folic acid 
bulk drug were prepared as described for the standard preparation. 


Tablets-Ten tablets were accurately weighed and then finely pow- 
dered. A quantity of the powder equivalent to 0.3 mg of anhydrous folic 
acid was accurately weighed and transferred to a 35-ml centrifuge tube. 
The internal standard solution (25 ml) was pipetted into the centrifuge 
tube, and the headspace was immediately flushed with nitrogen and then 
stoppered tightly. This preparation was shaken vigorously for -5 min, 


Y Honeywell, Philadelphia, Pa. 
lo Model 23000-011, Spectra-Physics, Santa Clara, Calif. 
l1 Catalog No. 17,878-0, Aldrich Chemical Co., Milwaukee, Wis. 
l2 Type BD (0.6-ym), Millipore Corp., Bedford, Mass. 


0022-3549/81/1100-1273$01.00/0 
@ 198 1, American Pharmaceutical Association 
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Table 11-Folic Acid Bulk Drug Assay Results Table 111-Stability of Sample Preparation Solutions 
~~~~ ~ ~ 


This Work, USP HPLC Assay, 
Lot % % 


A 
B 
C 
D 
E 
F 


Mean 


88.8 
91.9 
90.9 
91.5 
92.3 
91.0 
91.1 


89.4 
91.6 
90.4 
91.3 
90.3 
93.8 
91.1 


~~~~~ ~ ~ 


after which the resulting solution was membrane filtered13. The head- 
space of the sample container was again flushed with nitrogen and capped 
tightly until injected. 


Soft Elastic Capsules-Ten capsules were accurately weighed and 
then cut in half. The capsule filling was transferred to a glass container, 
and the empty capsule shells were washed with two 25-ml portions of 
chloroform, which were discarded. The washed capsule shells were dried 
and weighed to determine the average capsule fill weight. A quantity of 
the capsule filling equivalent to 0.3 mg of anhydrous folk acid was ac- 
curately weighed and transferred to a 35-ml centrifuge tube, and -30 ml 
of hexane then was added. The contents were shaken vigorously for -5 
min and then centrifuged at -1070Xg for 15 min. 


The hexane was carefully aspirated, and the residue was dried at  60". 
The internal standard solution (25 ml) was pipetted into the centrifuge 
tube containing the dried residue, and the headspace was immediately 
flushed with nitrogen and then stoppered tightly. This preparation was 
shaken vigorously for -5 min, after which the resulting solution was 
membrane filtered. The headspace of the sample container was again 
flushed with nitrogen and capped tightly until injected. 


Calculations-The folic acid content was calculated by the following 
equations. 


I I I I I I 
0 4 8 12 16 20 


RETENTION TIME, rnin 
Figure 1-Chromatogram of multiuitamin-mineral pharmaceutical 
tablet preparation. 


13 Type HA (0.45 mm), Millipore Corp., Bedford, Mass. 


Sample 


Folic Acid 
Remaining after 


24 hrs in 
Atmosphere solution, % 


Folic acid plus other Air 5-lob 
vitamins and minerals" 
extracted in dilute 
sodium hydroxide without 
I and injected 
immediately 


internal standard solution 


(copper, iron, potassium, 
manganese, and zinc) in 
internal standard solution 


Folic acid plus other Air 82.9 
vitamins and minerals" in Oxygen enriched 51.9 
internal standard solution Nitrogen 99.0 


Folic acid only in Air 100.8 


Folic acid plus minerals Air 99.2 


a See Table I. * Range of several trials. Results based on peak height approxi- 


For bulk drug: 
mations. 


For tablets: 


X- (Es. 2) 
Rsam - 


Cstd X Wbb X 25 = mg/tablet 
Rstd wsam 


For soft elastic capsules: 


(Es. 3) Rsam Cstd 


Rstd Wsam 
- X - X W,,, X 25 = mg/capsule 


where: 


Rs,, = folic acid peak response divided by internal standard peak 


Rstd = folk acid peak response divided by internal standard peak 


Wstd = weight of folk acid (corrected for moisture) in milligrams in 


W,,, = weight of sample in milligrams 


response of the sample preparation 


response of the reference standard preparation 


the reference standard preparation 


Cstd = folk acid concentration of the reference standard preparation 
in milligrams per milliliter (corrected for moisture) 


Wtab = average tablet weight in milligrams per tablet 
W,,, = average soft elastic capsule (sec) weight in milligram per 


capsule 
25 = dilution volume in milliliters 


RESULTS AND DISCUSSION 


Selection of Ion-Pairing Reagent and Chromatographic Condi- 
tions-Due to the known suitability of organic ammonium salts as ion- 
pairing reagents for acidic compounds, efforts were directed to the de- 
velopment of such a system for folic acid in multivitamin-mineral 
pharmaceutical formulations. Since the method was intended for routine 
use in a high-volume analytical laboratory, a readily available ion-pairing 
reagent was desirable. Possible choices included the series of organic 
ammonium hydroxide compounds, including tetramethylammonium 
hydroxide through tetrabutylammonium hydroxide. 


Table IV-Recovery of Folic Acid Added to  Placebo 
Preparations 


Coated 
Compressed 
Tablet with Compressed Soft Elastic 


Minerals Tablet Capsule 


Average recovery, ?6 99.1 100.3 99.3 
Number of 8 5 7 


determinations 
Range studied, mg/ 


dosage unit 
RSD, % 1.5 0.9 1.7 
Correlation 0.998 1.000 1.000 


coefficient 


0.3026-0.6972 0.3112-0.7130 0.2980-0.7178 
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RETENTION TIME,min 
Figure %--Chromatogram of a placebo preparation containing all ui- 
tamins and minerals except folic acid. 


Tetramethylammonium hydroxide and tetraethylammonium hy- 
droxide failed to separate folic acid from other vitamins and tablet ex- 
cipients. Tetrapropylammonium hydroxide did produce adequate sep- 
aration but resulted in unacceptably long chromatographic times due 
to retention of excipients. 


The use of tetrabutylammonium hydroxide as a pairing ion provided 
a desirable separation and acceptable chromatographic times. Tablet 
excipients and other vitamins eluted rapidly, with folic acid being re- 
tained. The addition of a small quantity of monobasic potassium phos- 
phate increased the separation of folk acid from the other vitamins and 
tablet excipients and provided improved efficiency. Optimum separations 
were usually achieved with a monobasic potassium phosphate concen- 
tration of -0.015 M. The pH of the mobile phase also influenced the 
chromatography. Low pH values produced longer retention times for folic 
acid than the recommended pH 7.0, but broader peaks resulted. 


Some variation of the potassium phosphate monobasic content or 
mobile phase pH may be required due to the chromatographic column 
being used. However, the chromatographic conditions described provided 
the best peak shapes for folic acid and the internal standard while ade- 
quate separation from other tablet constituents was maintained. The 
slightly elevated column temperature of 35' was employed to avoid 
varying the mobile phase composition to compensate for fluctuations in 
ambient temperature. Under these conditions, column life was compa- 
rable to that of other reversed-phase HPLC methods used for the analysis 
of pharmaceuticals. 


Bulk Drug Assays-The method was tested for its comparability to 
the USP HPLC assay for folic acid bulk drug (4). The data presented in 
Table I1 indicate that the method yielded results for bulk drug lots that 
were equivalent to the official USP assay. 


Extraction of Folic Acid-The extraction conditions used are ex- 
tremely important for the successful quantitation of folk acid in min- 
eral-containing multivitamin formulations. Under acidic conditions, folic 
acid has limited solubility and tends to be unstable (7). Other vitamins 
such as cyanocobalamin, pantothenate, riboflavin, thiamine, and ascorbic 
acid are unstable a t  high pH values (8). Furthermore, metal ion-catalyzed 
(particularly Cu2+ and Fez+) oxidative degradation of ascorbic acid is 


50r 0 


I I I I I I 
0 4 8 12 16 20 


RETENTION TIME, min 
Figure 3-Chromatogram of a mixture of folic acid and some known 
degradation products. Key: 1, pterine; 2, p-aminobenzoic acid; 3, 
pterin-6-carboxylic acid; 4 and 5, unknown; 6, pteroic acid and N-(p- 
amino- benzoylJ -L-glutamic acid; 7, dihydrofolic acid and tetrahydrofolic 
acid; 8, folic acid; and 9, dl-N-5-methyltetrahydrofolic acid. 


known to occur in the presence of oxygen (9,IO). The oxidative degra- 
dation products of ascorbic acid (dehydroascorbic acid, diketogulonic 
acid, and oxalic acid) are powerful reducing agents. The use of ascorbic 
acid as a folic acid reductant is known (11). 


As shown in Table 111, folic acid alone or in the presence of minerals 
did not degrade. However, when other vitamins were present and ascorbic 
acid was subject to metal ion-catalyzed oxidative degradation, folic acid 
degradation was observed. Attempts to extract folic acid from mineral- 
containing multivitamin formulations under high pH conditions using 
dilute sodium hydroxide or ammonium hydroxide resulted in only 
-5-1070 recovery of intact folic acid. The reversible enzymatic reduction 
of folic acid to dihydrofolic acid and tetrahydrofolic acid occurs in bio- 
logical systems (12). However, it is believed that severely basic extraction 
conditions result in irreversible degradation of folic acid since these re- 
duced folate species were not observed in chromatography of the above 
samples. 


The internal standard solution used for extracting folic acid was de- 
signed to prevent degradation by the described pathways while still 
providing an efficient extraction. The internal standard solution had a 
pH of -9.0-9.5, a t  which folic acid was readily solubilized. As folic acid 
and other vitamins and tablet components dissolved, the pH dropped 
to -7.0-8.5, depending on the formulation. The lowered pH favors sta- 
bility of other water-soluble vitamins and thus tends to limit interactions 
detrimental to folic acid. Metal ion-catalyzed degradation of the water- 
soluble vitamins was minimized by use of the chelating agent, I. Air oxi- 
dation was reduced by flushing the headspace of the extraction container 
with nitrogen. These extraction conditions produced excellent stability 
of sample solutions (Table 111). 


Recovery of Folic Acid from Spiked Placebos-The sample 
preparation procedure was rapid and simple. As shown in Table IV, av- 
erage recoveries of 99.1-100.370 were obtained for placebo mixtures 
containing all of the other tablet vitamins, minerals, and excipients spiked 
with folk acid over a range of 0.2980-0.7178 mg/dosage unit. The relative 
standard deviations of the recoveries for these studies varied from 0.9 
to 1.7%. Linear regression analysis of folic acid added versus peak area 
yielded correlation coefficients of 0.998-1.000. 


Specificity-As shown in Figs. 1 and 2, folic acid and the internal 
standard, methylparaben, were well separated from the other ingredients 
contained in multivitamin-mineral formulations. The stability-indicating 
properties of the method were investigated by chromatographing au- 
thentic samples of known folic acid impurities and degradation products. 
As can be seen in Fig. 3, none of the compounds tested interfered with 
folic acid or the internal standard. 
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Abstract 0 GC-mass spectrometry was used to measure extremely low 
levels of fentanyl in dog plasma. Deuterated fentanyl was synthesized 
for use as an internal standard. Fentanyl was hydrolyzed to despropionyl 
fentanyl by 20% DCl in deuterium oxide. Mass spectrometric analysis 
of the product revealed that the molecular ion was three mass units higher 
than that of the authentic despropionyl fentanyl, indicating that the 
deuterium exchange reactions occurred a t  this stage. Deuterated 
despropionyl fentanyl was reesterified by propionyl chloride to fen- 
tanyl-ds. The drug was assayed in biological fluids by extraction into ethyl 
acetate followed by analysis with GC-chemical-ionization mass spec- 
trometry. The lowest measurable plasma fentanyl level is 500 pg/ml. The 
method is highly selective and is suitable for monitoring the time course 
of plasma drug levels. Evaluation of pharmacokinetic data from experi- 
ments using nine dogs revealed a triphasic phenomenon. No measurable 
amounts of the major metabolites, despropionyl fentanyl and norfentanyl, 
were detected. 


Keyphrases 0 Fentanyl-determination by GC-mass spectrometry and 
pharmacokinetic analysis in dog plasma GC-mass spectrometry- 
determination of plasma fentanyl, pharmacokinetic aiialysis Anes- 
thetics-determination of plasma fentanyl by GC-mass spectrometry 


Fentanyll, N-(l-phenethyl-4-piperidyl)propionanilide, 
is a potent narcotic analgesic widely used in clinical anes- 
thesia. It has a rapid onset of effect and a short duration 
of action when compared with morphine and most other 
drugs of this group (I). Direct correlation between phar- 
macokinetic data and drug effect is difficult due to the lack 
of an analytical method suitable for measuring extremely 
small quantities of the drug in plasma (2-4). Only recently 
was fentanyl measurement in a subnanogram quantity 
made possible by radioimmunoassay (5). However, prep- 
aration of antiserum samples of fentanyl involves lengthy 
biological procedures. In addition, the possibility of cross 
interaction due to various biological components presents 
difficulties in using the radioimmunoassay method for 
specific analyses. 


This report describes a sensitive and specific GC-mass 
spectrometric method using stable isotopically-labeled 


~~~ 


Sublimaze, McNeil Laboratories. 


fentanyl-d3 as an internal standard. The method is capable 
of quantitatively detecting subnanogram levels of fentanyl 
in plasma. After intravenous administration of 25,50, or 
100 pg of fentanyl/kg to dogs, the plasma level fell rapidly 
to 2.5 ng/ml within 30 min and then remained at  0.5-2 
ng/ml for up to 3 hr. 


EXPERIMENTAL 


Preparation of Fentanyl-da-After 1.2 ml of 20% DCl in deuterium 
oxide2 (99 atom 70 deuterium) was added to 25 j ig of fentany13, the solu- 
tion was incubated overnight at  100’. The acidity of the reaction mixture 
was partially neutralized by 0.2 ml of 40% NaOD in deuterium oxide2 (99 
atom % deuterium), and the unreacted fentanyl was removed by ex- 
traction twice with 2 ml of ethyl acetate. The remaining aliquot of sample 
was again acidified by 1.2 ml of 20% DC1 solution before evaporation to 
dryness in uacuo. To the residue, 20 pl of pyridine and 1 ml of propionyl 
chloride2 were added, and the mixture was incubated a t  60’ for 1 hr. The 
final product, fentanyLd3, was then purified by extraction twice with 3 
ml of ethyl acetate. After evaporation to dryness by a nitrogen stream, 
the residue was dissolved in 0.5 ml of ethyl acetate and stored in a re- 
frigerator at  4’. 


Instrumentation-Combined GC-chemical-ionization mass spec- 
trometry4 was employed with methane as the reagent gas and an electron 
energy of 150 ev. GC separation was carried out isothermally at 235” with 
a 0.91-m X 2-mm i.d. U-shaped glass column packed with 3% SE-30 on 
80-100-mesh Gas Chrom Q5. The temperature of the GC injector and the 
separator was 250’. 


Biological Samples-Two hours before fentanyl administration, the 
nonselective mongrel dogs, 12-14 kg, were anesthetized with 300 mg of 
pentobarbital sodium. Fentanyl (25, 50, or 100 pg/kg) was introduced 
intravenously by 1-min infusion, and blood samples were collected into 
heparinized vials at  1,2,4,6,8,10,15,30,45,62,90,120,150, and 180 min 
after infusion was completed. Plasma was separated from red blood cells 
by centrifugation at  2500 rpm in the cold and stored in a freezer at -40’ 
when necessary. 


Extraction and Quantitation-To 2 ml of plasma, a known amount 
of fentanyl-ds (25 ng in 25 pl of ethyl acetate) was added as an internal 
standard. After rigorous mixing with the aid of an agitator6, the plasma 
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Table I-Selective Ion Chemical-Ionization Mass Spectrometric 
Assessment of the Puri ty  of Fentanyl-da 


Relative Ion Intensities" 
Compound M H + - 3  M H + - 2  M H + - 1  MH+ 


Fentanyl 0.50 10.01 3.93 100 
Fentanyl-d3 1.72 12.96 9.40 100 
Differences 1.21 2.95 5.47 


0 Relative ion intensities were calculated by taking the ion intensity of MH+ as 
100. 


Table 11-Plasma Fentanyl Levels a (Nanograms per  Milliliter) 
in Dogs a f t e r  50-pg/kg iv Dose 


Minutes Doe: 1 Doe: 2 


1 26.50 f 0.62 (4) 24.72 f 0.52 (4) 
2 19.04 (2) 15.14 f 0.18 (4) 
4 13.74 (2) 12.81 f 0.38 (4) 
6 
8 


10 


10.33 f 0.41 (4) 
8.47 f 0.29 (6) 
6.78 f 0.16 (4) 


15 4.83 (2) 
30 2.61 (2) 
45 
62 
90 


120 
150 
180 


1.58 f 0.04 (5) 
1.22 (2) 
1.11 (2) 
1.02 f 0.03 (4) 
0.83 f 0.02 (3) 
0.57 f 0.06 (5) 


8.17 f 0.06 i3j 
5.84 (2) 
4.13 f 0.16 (3) 
2.04 f 0.04 (4) 
1.25 (2) 
1.16 f 0.07 i5j 
0.66 f 0.03 i3j 
0.60 f 0.07 (4) 
0.50 f 0.05 (3) 
0.48 f 0.03 (3) 


0 Mean f SD; the number of determinations is shown in parentheses. 


was allowed to stand for 5 min before saturation with ammonium car- 
bonate. Extractions were performed twice with 3 ml of ethyl acetate. The 
organic layers were pooled and dried by a nitrogen stream. To this residue, 
30 p1 of ethyl acetate was added and 10 pl was used for analysis. Ions se- 
lectively monitored were m/z 340,337,281, and 233 corresponding to the 
pseudomolecular ions of fentanyl-d3, fentanyl, despropionyl, and nor- 
fentanyl, respectively. Quantitation was performed by comparison of peak 
area with respect to that of the internal standard. 


RESULTS AND DISCUSSION 


In addition to the pseudomolecular ion, MH+, which appeared as the 
most abundant species, the chemical-ionization mass spectrum of fen- 
tanyl showed four fragment ions at mass units greater than 100, i.e., m/z 
245,188,186, and 150. The mass spectrum of fentanyLd3 showed that, 
in addition to the pseudomolecular ion, the ion species a t  248 and 153 
were isotopically labeled, with m/z 153 resulting from cleavage of the 
propionyl amide bond and m/z 248 resulting from cleavage of the benzyl 
bond. Both ion species contain the phenyl ring of the propionanilide 
moiety of the molecule. 


T o  obtain deuterated fentanyl, fentanyl was first hydrolyzed by 20% 
DCl in deuterium oxide solution to produce despropionyl fentanyl and 
propionic acid. Deuteration appeared to occur a t  this stage. After ex- 
traction with ethyl acetate, analysis of an aliquot of the reaction mixture 
revealed that deuterated despropionyl fentanyl was the major component. 
The electron-impact mass spectrum of this compound revealed a weak 
but detectable m/z 283 ion, which corresponded to the molecular ion. 
Three major fragment ions were observed, a t  m/z 192,149, and 96. The 
mass spectrum was similar to that of the nondeuterated despropionyl 
fentanyl recorded previously (6), except that  m/z 283,192, and 149 ions 
contained isotopic labels. The chemical-ionization mass spectrum of the 
component showed a pseudomolecular ion a t  mlz 284, which was also 
three mass units higher than that of the nondeuterated compound. 
Reesterization of deuterated despropionyl fentanyl was carried out by 
incubating the residue with propionyl chloride. Fentanyl-da was then 
purified by extraction into ethyl acetate. 


During the preparation of deuterated fentanyl, two extraction pro- 
cesses were performed to remove the unreacted intact drug from the 
product. The effectiveness of the extraction is demonstrated by the re- 
sults of two experiments designed to assess the purity of fentanyl-ds. 
Table I shows the relative ion intensities of MH+, MH+ - 1, MH+ - 2, 
and MH+ - 3 from 70 ng of fentanyl-ds and 100 ng of fentanyl by selec- 
tive ion chemical-ionization mass spectrometry. Essentially, the differ- 
ences in the relative ion intensities for MH+ - 3, MH+ -2, and MH+ 
-1 between those of fentanyl and fentanyl-d3 can be regarded as the 
relative ion intensities contributed by the molecular ions of fentanyl, 


A4 


340.3 


337 -3  


Figure 1-Mass chromatogram of 
fentanyl in dog plasma using deu- 
terated fentanyl-d3 as an internal 
standard; mlz 340.3,337.3,281.2, and 
233.2 correspond to the pseudomo- 
lecular ions of fentanyl- ds, fentanyl, 
despropionyl, and norfentanyl, re- 
spectiuely. 


28 1 2 


233.2 


10 100 


fentanyl-dl, and fentanyl-dz, respectively. When taking the ion intensity 
of MH+ of fentanyl-ds as 100, i t  appeared that  the deuterated product 
was a composite of 1.1% fentanyl, 2.69% fentanyl-dl, 4.99% fentanyl-dz, 
and 91.2% fentanyl-ds. 


T o  determine the percent yield of fentanyl-ds from the precursor, three 
separate ethyl acetate extracts corresponding to these reaction mixtures 
in which 25.0,37.5, and 50.0 ng of fentanyl were used as the initial starting 
materials, were added with known amounts of fentanyl(5 ng/lO pl of ethyl 
acetate) as an internal standard. The unknown amounts of fentanyLd3 
in the mixtures were then measured by chemical-ionization mass spec- 
trometry, selectively monitoring MH+ of fentanyl and fentanyl-d3. The 
results showed that 23.2,33.7, and 42.8 ng of the fentanyl were recovered 
as fentanyl-d3; therefore, the percent yield of the chemical processes to 
obtain the deuterated compound was 89.4 f 3.6%. The standard solution 
containing fentanyl-d3 in ethyl acetate (1.75 pg/ml) was stored in a re- 
frigerator a t  4' and was stable after 3 months under these conditions. 
During this time, experiments to check the purity of fentanyl-d3 were 
performed prior to each measurement of every batch of dog plasma. 


Figure 1 shows the quantitative GC-mass spectrometric analysis of 
fentanyl in dog plasma, with pseudomolecular ions of fentanyl, m/z 337, 
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Table 111-Pharmacokinetic Parameters  of Plasma Fentanyl a 


Dose, pg/kg Dog Number A ,  n g h l  a, min R, ng/ml T~iz  P, min C ,  ngiml Tuz y, min 


25 005 
006 


50 001 
002 
010 


100 003 
004 
009 


Average f SD 


57.41 
73.05 
22.30 


1.61 
1.78 
0.97 


6.33 
25.08 
15.10 


25.68 
6.93 
6.93 


19.90 3.73 1.22 6.97 
100.00 1.10 13.00 16.89 
36.72 
99.99 


293.58 


~. . ~~ 


4.18 20.56 
1.29 24.29 
1.39 36.22 


2.01 f 1.24 10.75 f 7.06 


2.51 57.54 
4.97 133.19 
1.74 134.37 
1.14 110.75 
5.27 93.17 . .. . -  .~ ~ 


4.57 7.59 116.91 
9.11 9.87 95.23 
8.88 16.70 251.55 


124.09 f 57.17 


Nonlinear estimation of triphasic pharmacokinetics of plasma fentanyl employed the NONLIN computer program from The Upjohn Co. 


50 -I 


0 0 
n 


0 


0.01 I I I I I I I I 1 I I I I I I I I 1 
0 10 20 30 40 50 60 70  80 90 100 110 120 130 140 150 160 170 180 


MINUTES 
Figure 2-Application of the method of residuals for nonlinear pharmacokinetic data (8) to the semilogarithmic plot of plasma fentanyl levels 
with respect t o  time. Three linear regions of first-order kinetics are shown. Key: 0, plasma fentanyl levels in a normal dog after 50 pglkg iu dose; 
and A and 0,  data obtained by curve stripping. 


and fentanyl-d3, m/z 340, used for quantitative measurements. Since 
despropionyl fentanyl and norfentanyl are proposed major metabolites 
in the rat urine (6,7), their MH+ ions, m/z  281 and 233, respectively, were 
also selectively monitored. In the first 28 plasma samples analyzed, these 
two metabolites were not found. The linear range of the calibration curve 
was determined by adding known amounts of fentanyl and fentanyl-ds 
to 2 ml of water. For standard solutions containing <5 ng of fentanyl/ml, 
3.17 ng of internal standard was used; otherwise, 35.7 ng was used. 
Quantitative measurements were made by comparing the peak areas of 
fentanyl to that of the internal standard. The results from eight samples, 
ranging from 500 pg to 100 ng/ml of fentanyl, revealed a linear relation- 
ship between the actual and measured values determined by GC-mass 
spectrometry. 


Table I1 shows plasma fentanyl levels in dogs after an intravenous bolus 
of 50 pglkg. For plasma samples containing >1 ng of fentanyllml, the 
reproducibility of the analysis was within 6%; for those containing <1 
ng/ml, it was -12%. With its high sensitivity, the GC-mass spectrometric 
procedures allow the time course of the plasma fentanyl concentration 
to be followed for up to 3 hr. The lowest measured plasma concentration 
was 500 pg/ml. The lower limit of analysis by these methods using a signal 
to noise ratio of 2 was -200 pg of fentanyl. 


The plasma fentanyl concentration profile in a dog is illustrated in Fig. 
2. Figure 2 also shows the results from application of the method of re- 
siduals to yield the second and third linear segments in addition to the 
easily recognizable terminal linear segment (8). The time course of the 
plasma fentanyl level appeared to follow a triphasic phenomenon. The 
first phase may have represented the uptake of [3H]fentanyl by organs 
with extensive blood supplies, e.g., lungs, kidneys, heart, and brain (2). 
The next phase was one of redistribution, especially from the lungs to 
the blood. Finally, the last phase represented that of metabolism and 
excretion. The three-compartmental pharmacokinetics of plasma fen- 
tanyl agreed with observations made by radioimmunoassay (4, 5) and 
radioisotope counting techniques (3). 


Table 111 shows the pharmacokinetic parameters of plasma fentanyl 
of eight dogs by curve fitting with the NONLIN computer program (9). 
The plasma profile of fentanyl in dogs can be described by the equation 


C ( t )  = Ae-"I t B-Pt t Ce-yl, where C ( t )  represents the fentanyl con- 
centration at any time, t .  The half-life, Tllz, is calculated by using 0.693/a, 
b, or y. The results shown in Table 111 indicate that the pharmacokinetic 
parameters vary widely among dogs. The same variability in the phar- 
macokinetic parameters of plasma fentanyl in humans was reported by 
Hull (10). Table 111 reveals that  the half-lives of each compartment are 
more or less independent of the dose levels of fentanyl administered, 
despite the wide variation in the data. However, in contrast to other data 
(ll), the intercepts ( A ,  B ,  and C )  are not dose dependent. 


Finally, the average half-lives of the terminal linear phase (124.1 f 57.2 
min) and the middle phase (10.74 f 7.05 min) shown in Table 111 are 
shorter than the values reported in the literature (3,5, 10). These dif- 
ferences may be due to the different specificities of the techniques 
adapted for measuring the extremely low plasma levels of fentanyl in 
these two regions. The described GC-mass spectrometric technique is 
highly specific for several reasons. First, since selective ion monitoring 
measures only the pseudomolecular ions of fentanyl and fentanyl-d3, the 
quantitative determination of plasma fentanyl was free from the inter- 
ference of its own metabolites. Second, fentanyl in biological samples was 
repeatedly purified, first by extraction with ethyl acetate and then by 
GC separation. The sensitivity of measurements was extended from 500 
pg/ml to 100 ng/ml, and the use of stable isotopically-labeled fentanyl 
as an internal standard greatly enhanced the accuracy and precision of 
the quantitative measurements. 
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Abstract The effects of three levels of salicylic acid on the steady-state 
plasma concentrations of free and total valproic acid were examined in 
catheterized rhesus monkeys. Valproate was infused intravenously for 
a total of 41 hr, and salicylate was added after the first 8 hr. The three 
salicylate infusions were randomly assigned to each monkey. Valproate 
free fraction was determined by equilibrium dialysis. Statistically sig- 
nificant increases in valproate free fraction and total body clearance were 
observed after addition of salicylic acid. The increase in valproate 
clearance was positively correlated with the molar ratio of salicylate to 
valproate steady-state plasma concentrations. There was no significant 
change in valproate free concentration after salicylate treatment. The 
proposed mechanism of this in uiuo interaction includes plasma protein 
binding displacement with no change in valproate intrinsic clearance. 


Keyphrases Valproic acid-plasma protein binding interaction with 
salicylic acid, rhesus monkey D Salicylic acid-plasma protein binding 
with valproic acid, rhesus monkey 0 Plasma protein binding-interaction 
between valproic and salicylic acids, rhesus monkey 


Valproic and salicylic acids are known to bind exten- 
sively to plasma proteins in humans (1-8) and rhesus 
monkeys (9-11). Three in uitro studies showed that sali- 
cylic acid decreases valproate binding to plasma or human 
serum albumin (12-14). However, there is no indication 
that such an interaction occurs in uiuo. In addition, these 
two acids may interact a t  a metabolic level. 


Epileptic patients on valproate treatment occasionally 
receive salicylates and, depending on its mechanism, this 
interaction may be of therapeutic significance. The present 
study was designed to investigate this interaction in uiuo 
at  the systemic level. Both drugs were administered by 
constant-rate intravenous infusion to achieve one 
steady-state concchtration of valproic acid and three 
steady-state salicylic acid levels. 


EXPERIMENTAL 


Four healthy pale  rhesus monkeys (Macaca mulatta) (mean weight 
5.5 kg) were chair-adapted for 1 month prior to implantation of catheters. 
The jugular and femoral veins of each monkey were chronically cathe- 
terized to enable withdrawal of venous blood samples and drug infusion, 
respectively. The monkeys were maintained in three-level restraining 
chairs during the studies. Patency of catheters was assured by a slow, 


continuous saline infusion (1 mlhr) .  Daily diet consisted of fresh fruit 
and monkey food. 


Three studies were carried out in each monkey. In each study, valproic - 
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Figure I-Steady-state levels of total and free valproate (VPA) before 
and during salicylate (SA) infusion in Monkey 201. 


0022-354918117 lOO-1279$01.0OlO 
@ 198 1, American Pharmaceutical Association 


Journal of Pharmaceutical Sciences I 1279 
Vol. 70, No. 11. November 1981 








rnacol., 12,153 (1977). (11) D. A. McClain and C. C. Hug, Jr., Anesthesiology, 51, 529 
(6) Y. Maruyama and E. Hosoya, Keio J. Med., 18,59 (1969). 
17) I. Van Wijngaarden and W. Soudijn, Life Sci., 7,1239 (1968). 
(8 )  M. Gibaldi and D. Perrier, “Pharmacokinetics,” Dekker, New 


(9) C. M. Metzer, G. L. Elfring, and A. J. McEwen, Biornetrics, 562, 


(1979). 


ACKNOWLEDGMENTS 
York, N.Y., 1975, p. 281. 


Sept. (1974). 
Supported in part by University of Texas Biomedical Research Grant 


5-SO7-RR05745 from the Division of Research Resources, National In- 
stitutes of Health. (10) C. J. Hull, Rr. J. Anaesth., 48,1121 (1976). 


NOTES 


Plasma Protein Binding Interaction between 
Valproic and Salicylic Acids in Rhesus Monkeys 


C. T. VISWANATHAN *I and R. H. LEVY Sx 
Received March 12,1981, from the *Department of Neurological Surgery, School of Medicine, and the *Department of Pharrnaceutics, School 
of Pharmacy, University of Washington, Seattle, W A  98195. 
Division, Food and Drug Administration, Rockville, MD 20857. 


Accepted for publication April 7,1981. $Present address: Biopharmaceutics 


Abstract The effects of three levels of salicylic acid on the steady-state 
plasma concentrations of free and total valproic acid were examined in 
catheterized rhesus monkeys. Valproate was infused intravenously for 
a total of 41 hr, and salicylate was added after the first 8 hr. The three 
salicylate infusions were randomly assigned to each monkey. Valproate 
free fraction was determined by equilibrium dialysis. Statistically sig- 
nificant increases in valproate free fraction and total body clearance were 
observed after addition of salicylic acid. The increase in valproate 
clearance was positively correlated with the molar ratio of salicylate to 
valproate steady-state plasma concentrations. There was no significant 
change in valproate free concentration after salicylate treatment. The 
proposed mechanism of this in uiuo interaction includes plasma protein 
binding displacement with no change in valproate intrinsic clearance. 


Keyphrases Valproic acid-plasma protein binding interaction with 
salicylic acid, rhesus monkey D Salicylic acid-plasma protein binding 
with valproic acid, rhesus monkey 0 Plasma protein binding-interaction 
between valproic and salicylic acids, rhesus monkey 


Valproic and salicylic acids are known to bind exten- 
sively to plasma proteins in humans (1-8) and rhesus 
monkeys (9-11). Three in uitro studies showed that sali- 
cylic acid decreases valproate binding to plasma or human 
serum albumin (12-14). However, there is no indication 
that such an interaction occurs in uiuo. In addition, these 
two acids may interact a t  a metabolic level. 


Epileptic patients on valproate treatment occasionally 
receive salicylates and, depending on its mechanism, this 
interaction may be of therapeutic significance. The present 
study was designed to investigate this interaction in uiuo 
at  the systemic level. Both drugs were administered by 
constant-rate intravenous infusion to achieve one 
steady-state concchtration of valproic acid and three 
steady-state salicylic acid levels. 


EXPERIMENTAL 


Four healthy pale  rhesus monkeys (Macaca mulatta) (mean weight 
5.5 kg) were chair-adapted for 1 month prior to implantation of catheters. 
The jugular and femoral veins of each monkey were chronically cathe- 
terized to enable withdrawal of venous blood samples and drug infusion, 
respectively. The monkeys were maintained in three-level restraining 
chairs during the studies. Patency of catheters was assured by a slow, 


continuous saline infusion (1 mlhr) .  Daily diet consisted of fresh fruit 
and monkey food. 


Three studies were carried out in each monkey. In each study, valproic - 
C 
L . 
m a 


-CONTROL- - SA - 


- 
E 
m a 
i 
9 
a 


. 
I- 
[r 
I- z 
UI 
0 z 
8 
0 
a 
0 
E 
a 


0 


0 


-I 


> 


V PA 
TOTAL 


.-*0-0 


*--*-*-* 


‘- 
HOURS 


Figure I-Steady-state levels of total and free valproate (VPA) before 
and during salicylate (SA) infusion in Monkey 201. 
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Figure 2-Steady-state levels of total and free valproate (VPA) before 
and during salicylate (SA) infusion in Monkey 304. 


acid was infused for 41 hr (mean rate 74.4 mghr)  and salicylic acid was 
added after the first 8 hr [valproic acid hasa half-life of 1 hr in the monkey 
(15)]. The infusion rate of valproic acid was selected to yield levels in a 
clinically realistic range (30-80 jtg/ml). The infusion rates of salicylic 
acid in the three studies were 55, 70, and 90 mghr. Study order was 
randomly assigned to each monkey, and a washout period of at least 2 
weeks was allowed between studies. 


Valproic and salicylic acids were administered as equivalents of sodium 
salts in sterile saline. All infusion equipment was covered with aluminum 
foil to protect salicylic acid from light. 


Plasma samples were obtained at  5,6,7, and 8 hr following the start 
of infusion for control valproate steady-state levels and at  38,39,40, and 
41 hr for steady-state levels of both drugs. 


Valproate free fraction was determined by equilibrium dialysis. Each 
dialysis unit consisted of two 1-ml chambers separated by a dialysis 
membrane'. Plasma containing the drug (0.5 ml) was introduced into one 
chamber, and 0.5 ml of phosphate buffer (pH. 7.4) was added to the op- 
posite chamber. The cells were kept immersed in a water bath at 37' for 
24 hr. Valproate concentrations were measured from the buffer side (free 
drug) and plasma side (total drug) using a previously described GLC 
procedure (16). Plasma salicylate concentrations were determined as total 
salicylate by the spectrophotometric procedure of Wiseman et al. 
(17). 


RESULTS AND DISCUSSION 


The effects of salicylate infusion on valproate steady-state levels are 
illustrated in Figs. 1 and 2 for Monkeys 201 and 304, respectively. Val- 
proate free fraction and total body clearance before and after salicylate 


l Dialyzer tubing, VWR Scientific, Seattle, WA 98124. 


Table I-Effect of Salicylic Acid on Valproic Acid Free Fraction 
and Systemic Clearance 


Systemic Clearance, liters/ 
Free Fraction kg hr 


During During 
Monkey Control Salicylate Control Salicylate 


201 0.22 0.23" 0.14 0.19 
0.33 O.7fib 0.15 0.21 
0.20 0.35c 0.19 0.30 


200 0.33 0.46 0.22 0.28 
0.15 0.25 0.30 0.57 
0.11 0.22 0.28 0.64 


301 0.24 0.23 0.45 0.43 
0.29 0.74 0.30 0.45 
0.12 0.40 0.38 0.77 


304 0.36 0.58 0.46 0.29 
0.19 0.23 0.24 0.30 
0.15 0.34 0.28 0.46 


p < 0.002d p < O.OOOSd 


0 Salicylate infusion rate of 55 mghr.  b Salicylate infusion rate of 70 mghr.  
c Salicylate infusion rate of 90 mghr. Comparisons were made by analysis of 
variance. 


treatment are summarized in Table I; both increased significantly after 
salicylate treatment (p < 0.05). However, there was no significant change 
in the valproate free concentration ( p  > 0.05). As a result, total valproate 
levels decreased during valproate treatment. A significant correlation 
was obtained between the increase in valproate clearance and the molar 
ratio of salicylate to valproate (y = 10.92 t 0.7, r = 0.93, Fig. 3). Over 80% 
of the variability in the increase in valproate clearance can be explained 
by the salicylic acid concentration. 


These findings indicate that salicylic acid is able to displace valproate 
acid from plasma protein binding sites in vivo. The results are consistent 
with the fact that valproic acid has a low extraction ratio in the rhesus 
monkey (15,18). Pharmacokinetic theory predicts that the valproate free 
concentration should not be changed if salicylate affects valproate plasma 
binding without changing its intrinsic metabolic clearance (19). Several 
studies (12, 13) indicated that an in vitro plasma binding interaction 
exists between salicylic and valproic acids. If the interaction mechanism 
found in the rhesus monkey is also applicable in humans, this interaction 
should have little or no pharmacological consequence. However, since 
changes in total valproate levels would not reflect the changes in free 
levels, monitoring of the valproate free concentration would be indicated 
in patients receiving salicylates (20). 
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Figure 3-Percent increase in valproate clearance correlated with the 
molar ratio of salicylate to valproate. 
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Abstract Nine amide derivatives of guanazole were synthesized, and 
eight of them were tested for antineoplastic activity uersus L1210 cells 
in uitro. Several of these compounds exhibited activity comparable to 
or greater than that of guanazole. 


Keyphrases Guanazole-synthesis and evaluation of prodrugs as 
antineoplastic agents Prodrugs-of guanazole, synthesis and evaluation 
as antineoplastic agents Antineoplastic agents-synthesis and evalu- 
ation of guanazole prodrugs 


H ~ N ~ ~ ~ N H ,  R C O C ~  ~ R H N - - - ( / ~ ~ N H R ~  
HN-N toluene HN-N 


Guanazole (3,5-diamino-1,2,4-triazole, NSC 1895) was 
synthesized by Pellizzari (1) and discovered in a general 
screen by the National Cancer Institute. Subsequently, 
Brockman et al. (2) reported that guanazole inhibited 
DNA synthesis by inhibiting ribonucleotide reductase. 
Antitumor activity against various animal leukemias and 
tumors (3) and remissions in some patients with actute 
myelocytic leukemia (4) were reported. However, extensive 
clinical utilization of this drug has been limited by its high 
polarity and water solubility, low molecular weight, and 
relatively low potency, which warrants continuous intra- 
venous infusion at frequent intervals (5). 


Structure-activity relationship analysis of past and 
current work on guanazole derivatives established the 
importance of both amino groups for antineoplastic ac- 
tivity (2,3). Thus, to circumvent the problem of the high 
elimination rate and to increase the efficacy of guanazole 
as an antieoplastic agent, amide derivatives with decreased 
polarity, water solubility, and increased molecular weight 
were synthesized (Scheme I). These compounds were then 
tested for anticancer activity uersus L1210 cells in uitro. 


EXPERIMENTAL 
Chemistry-All solvents were analytical grade. All melting points were 


taken in open capillary tubes’ and are corrected. Elemental analysis2 was 
within 60.4% of the theoretical values. All proton NMR spectra were 
recorded on a 60 MHz spectrometer3 with tetramethylsilane as the in- 
ternal standard and solvents such as deuterochloroform, dimethyl sulf- 
oxide-ds, and trifluoroacetic acid. IR spectra were recorded on a spec- 
trophotometer4 as potassium bromide pellets or Fluorolube mulls. UV 
spectra were recorded on a double-beam spectrophotometeP. TLC was 
performed using Eastman-type 6060 chromatogram sheets (silica gel), 
and the sheets were developed in an iodine chamber to check the purity 
of the amides. 


Most of these derivatives were synthesized by a general procedure for 
the acylation of amines. The appropriate acid chloride or anhydride was 
condensed with guanazole, usually in the presence of a nonpolar solvent. 
Two typical reactions for preparing the amides are described using 111 
and VI as examples. 


One gram (0.01 M) of guanazole and 4.2 g (0.02 M) of trifluoroacetic 
anhydride were refluxed in dry toluene for 8 hr. The white precipitate 


~~ 


1 Thomas Hoover melting-point apparatus. 
2 Performed bv t,he Analvtical Laboratorv. California Institute of Technology, 


Pasadena, Calif.- 
Hitachi Perkin-Elmer R-24. 
Beckman IR-4240. 
Perkin-Elmer Coleman 124. 


0022-3549/81/1100-1281$01.00/0 
@ 198 1, American Pharmaceutical Association 


Journal of Pharmaceutical Sciences I 1281 
Vol. 70, No. 11. November 198 1 








REFERENCES 


(1) J. A. Cramer and R. H. Mattson, Ther. Drug Monitor., 1, 105 


(2) R. Gugler and G. Mueller, Br. J.  Clin. Pharmacol., 5, 441 


(3) R. Gugler, A. Schell, W. Eichelbaum, W. Frocher, and H-U. 


(4) U. Klotz, Arzneim-Forsch., 27,1085 (1977). 
( 5 )  U. Klotz and K. H. Antonin, Clin. Pharmacot. Ther., 21, 736 


(6) W. Loscher, J.  Pharmacol. Exp.  Ther., 208,429 (1979). 
(7) A. M. Taburet and E. Van der Kleijn, Pharm. Weehbl., 112,356 


(8) T. N. Tozer, Clin. Pharmacol. Ther., 26,380 (1979). 
(9) R. H. Levy, in “Epilepsy: A Window to Brain Mechanisms,” J. 


S. Lockard and A. A. Ward Jr., Eds., Raven, New York, N.Y., 1980, pp. 


(10) R. H. Levy, J. S. Lockard, and B. T. Ludwick, presented a t  the 
APhA Academy of Pharmaceutical Sciences, Washington, D.C. meeting, 
Apr. 1980. 


(11) J. A. Sturman and M. J. H. Smith, J .  Pharm. Pharmacol., 19,621 


(1979). 


(1978). 


Schulz, Eur. J .  Clin. Pharmacol., 12,125 (1977). 


(1977). 


(1977). 


19 1-200. 


(1967). 
(12) J. S. Fleitman, J. Bruni, T. H. Perrin, and B. J. Wilder, J .  Clin. 


Pharmacol., 20,514 (1980). 
(13) F. Schobben, T. B. Vree, and E. Van der Kleijn, in “Proceedings 


of the Congress and Symposium on Epilepsy, Amsterdam, September, 
1977,” Swets & Zeitlinger, B. V., Amsterdam, Netherlands, p. 271. 


(14) S. Urien, Ph.D. thesis, University of Paris, Val-de-Marne, France, 
1979. 


(15) A. A. Lai, R. H. Levy, and L. Martis, Therapie, 35,221 (1980). 
(16) R. H. Levy, L. Martis, and A. A. Lai, Anal. Lett., B11, 257 


(17) E. H. Wiseman, Y. H. Chang, and D. L. Hobbs, Clin. Pharrnacol. 


(18) R. H. Levy, S. S. Lockard, I. H. Patel, and W. C. Congdon, J.  


(19) G. Levy, ibid., 65,1264 (1976). 
(20) R. H. Levy, Ther. Drug Monitor., 2,199 (1980). 


(1978). 


Ther., 18,441 (1975). 


Pharm. Sci., 66,1154 (1977). 


ACKNOWLEDGMENTS 


Supported by National Institute of Neurological and Communicative 
Disorders and Stroke Research Grant NS-04053. 


Synthesis and Evaluation of Guanazole Prodrugs as 
Antineoplastic Agents 


CYNTHIA DIAS SELASSIE*, ERIC J. LIEN*X, and TASNEEM A. KHWAJA* 
Received January 22,1981, from the *Section of Biomedicinal Chemistry, School of Pharmacy, and the Department of Pathology, School of 
Medicine, University of Southern California, Los Angeles, CA 90033. Accepted for publication April 16, 1981. 


Abstract Nine amide derivatives of guanazole were synthesized, and 
eight of them were tested for antineoplastic activity uersus L1210 cells 
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Table I-Physical Properties of Guanazole Amides 


Com- Melting Yield Analysis, % 
pound Rz Point % Formula Calc. Found 


I (3-amino-5-acetamido-1,2,4-triazole) 


I1 (3,5-diacetamido-1,2,4-triazole) 


111 (3,5-ditrifluoroacetamido-1,2,4-triazole) 


IV (3,5-dipropionamido-1,2,4-triazole) 


V (3,5-dibutyramido-l,2,4-triazole) 


VI (3-amino-5-heptafluorobutyramido- 
1,2,4-triazole) 


VII (3,5-dipentafluoropropionamido-1,2,4-triazole) 


VIII (3,5-dibenzamido-1,2,4-triazole) 


IX (3-amino-5-p-nitrobenzamido-1,2,4-triazole) 


COCH3 


COCH3 


COCF3 


COCH2CHj 


235-236" 


>250° 


>300" 


>250° 


C 34.04 33.61 
H 5.00 5.33 
N 49.62 49.35 
C 39.36 39.30 
H 4.92 4.99 
N 38.25 38.20 
C 24.74 25.11 
H 1.03 1.17 
N 24.05 24.18 
C 45.42 45.99 
H 6.16 6.30 
N 33.18 33.40 


COC3H7 >300° 50 CioH17N502 C 50.21 50.03 
H 7.11 6.79 
N 29.29 29.23 


H 1.37 1.38 
N 23.72 (23.15) 


COC3F7 300-301" 91 C6H4F7N50 C 24.42 24.44 


COC3H7 >300° 50 CioH17N502 C 50.21 50.03 
H 7.11 6.79 
N 29.29 29.23 


H 1.37 1.38 
COC3F7 300-301" 91 C6H4F7N50 C 24.42 24.44 


N 23.72 (23.15) 
COCzFr, 230-231" 54 C S H ~ F ~ ~ N ~ O ~  C 24.56 '25.01 


H 0.76 0.76 
N 17.90 18.28 


H 4.23 4.08 
COCtj&, 314-315' 71 C16H13N502 c 62.54 62.26 


N 22.80 22.92 
p-NO2CsH4CO >300° 20 CgHsN603 C 43.54 43.48 


H 3.22 3.44 
N 33.87 (32.62) 


H 2.79 2.83 
N 24.68 24.30 


X (3,5-bis-p-nitrobenzamido-1,2,4-triazole) p-N0&6H4CO p-NO2CsH4CO >300° 73 C16HliN& c 48.38 47.97 


Table 11-Summary of IR Data for Guanazole Prodrugs 


Compound vN-H, cm-l vC=O, cm-1 vC-N, cm-' vC-H/C-F, cm-l 


I 
I1 


I11 
IV 


V 


VI 
VIII 


3050-3400 


3100-3300 
3100-3450 


3200-3460 


3100-3450 


3150-3450 
3050-3400 


iSSo,1720 
1730,1760 
1690,1710 


1680,1720 


1725 
1670,1695 


1610 
1590 
1630 
1585 


1585 


1635 
1590 


IX 3100-3460 1610 1610 


2880,2940 
2860,2960 
1150-1230 
2860,2880 
2980,2940 
2840,2880 
2970,2940 
1150-1220 
3000, 710° 
735" 
3010,708" 
740" 


X 3100-3460 1695,1720 1600 3010, 708a 
740" 


(I 6C-H aromatic. 


that formed was then washed with ether and dried in U ~ C U O  over phos- 
phorus pentoxide. Drying afforded 2.26 g (78% yield) of the bis amide 
(III), mp 300'; IR (KBr): 1730 and 1760 (vC = 0)  cm-l. 


One gram (0.01 M )  of guanazole and 6.5 ml(1.58 g, 0.01 M )  of hepta- 
fluorobutyric anhydride were refluxed in 10 ml of dry benzene for 4 hr. 
After standing overnight, the pale-yellow crystals were collected, washed 
with 5% ammonia, recrystallized from ethanol, and dried in uacuo over 
phosphorus pentoxide to yield 2.7 g (91% yield) of the product (VI), mp 
300-301"; IR (KBr): 1725 (vC = 0) cm-'. 


Biological Screening versus L1210 Cells In Vit rGFor  routine 
passage and during dose-response experiments, cells were maintained 
in asynchronous logarithmic growth at 37" in medium6 supplemented 
with 10% fetal calf serum, 1% penicillin, and 1% streptomycin. 


The cells were grown in a humidified incubator supplied with 95% air 
and 5% carbon dioxide at 37". Stock cells were usually suspended at 
6000-9000 cells/ml. The pH of the experimental flasks was adjusted to 
7.4 with the addition of carbon dioxide. The drugs were solubilized with 
1% dimethyl sulfoxide, diluted in phosphate-buffered saline, and added 
to the cell culture in 1:lO dilution to achieve the desired drug concen- 
trations. Cell cultures were set up at 5000 cell/ml in duplicate for each 
drug concentration in 25-cm2 flasks. 


Roswell Park Memorial Institute medium. 


After 24, 48, and 72 hr of continuous drug exposure, the cells were 
harvested and counted using a Coulter counter. A control, 1% dimethyl 
sulfoxide-treated set of cultures, was included for each separate dose- 
response experiment. From the data obtained, a dose-response curve was 
drawn and the IDm value was calculated according to a reported method 


\ I  
HN-N Table 111-NMR Chemical Shift of Prodrugs 


Compound R1 R2 Shift, ( 6 ) ,  ppm" 


I b  H COCH3 1.83 (s) 
11' COCH3 COCH3 2.37 (s) 


IVc COCzH5 COCzH5 3.00 (q), 1.15 (t) 
Vd COC3H7 COC3H7 1.00 (t), 1.69 (m), 


8.10 (m) xc CO-C6H4-p- CO-CsH4-p-NO2 8.20,8.30 (m) 
NO2 


GuanazoleC H H 5.15 (s) 


a S = singlet, t = triplet, 3 = quartet, and m = multiplet. * In trifluoroacetic acid. 
c In dimethylsulfoxide-de. In deuterochloroforrn. 
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Table IV-UV Absorption Spectran 


Compound Lax, nm t, M-1 cm-1 


I 
I1 


I11 
IV 
V 


VI 
VIII 


IX 
X 


273 
236 
249 
236 
236 ~. ~ 


264 
256 
260 
264 


6,400 
8,100 


13,500 
9,200 
2.200 


ii;ooo 
17,300 
16,000 
43.000 


G u a n a z o 1 e 200 500 


In Roswell Park Memorial Institute medium. 


Table V-First-Order Rate  Constants of Hydrolysis and Half- 
Lives of Guanazole Prodrugs 


Compound k , hr-l t’lz, hr 
I 


I1 
I11 
IV 
V 


VI 
VIII 


0.0128 
0.0022 
0.0087 
0.0030 
0.0078 
0.0059 
0.0050 


54.0 
315.0 
79.0 


231.0 


117.0 
138.0 


88.0 


IX 0.0113 61.0 
X 0.0042 165.0 


(6, 7). The ID50 value represents the concentration of drug that halves 
the growth rate relative to untreated controls. Compound VII was not 
tested against L1210 cells in uitro due to insufficient quantity. The ID50 
value of VI could not be calculated due to negligible activity after 48 
hr. 


RESULTS AND DISCUSSION 


The amide derivatives were synthesized, and their structures were 
established by elemental analysis and IR, NMR, UV, and mass spectra 
(Tables 11-IV). The hydrolysis rates of these amides are listed in Table 
V, and Table VI lists the calculated ID50 values. 


An assessment of the results uersus L1210 cells revealed that, on the 
1st day, VIII was substantially active. Solvolysis of this prodrug to an 
appreciable amount of guanazole by the medium was eliminated on the 
basis of the low hydrolysis rate ( t l / z  = 138 hr). Thus, VIII apparently 
shows activity per se,  possibly due to  its increased lipophilicity, which 
facilitates its transport into the cells where subsequent cytoplasmic hy- 
drdysis may occur. However, increased interactions with the accessory 
binding site on the enzyme ribonucleotide reductase cannot be ruled 
out. 


Compounds I and 111 showed activity comparable to that of guanazole 
against L1210 cells in uitro. Compound I, the most water soluble of the 
prodrugs, has a relatively short half-life (tllz = 54 hr), which accounts 
for its activity after 48 hr. Compound 111 also has a short solvolytic 


Table VI-Zn Vitro Inhibition of L1210 by Guanazole 
Prodrugs 


Compound IDSO, M 
Guanazole 


I 
I1 


I11 
TV -+ 


VIII 


2.08 x 10-4 
2.40 x 10-4 
4.35 x 10-3 
1.90 x 10-4 


9.26 x 10-4 


4.67 X 
3.82 X 


IX 2.32 x 10-3 
X 3.66 x 10-3 


half-life ( t l / z  = 79 hr), but its enhanced activity could be attributed to 
the release of trifluoroacetic acid, a well-known poison (S), as well as 
guanazole. The other prodrugs with extended half-lives may not have 
released guanazole in adequate amounts to exert the observed response. 
Some of the prodrugs such as VI, VIII, and IX might act as excellent 
depots of guanazole in uiuo. I n  uiuo testing of some of these compounds 
is in process. 
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Abstract The disposition of chlorpheniramine was examined in seven 
children, 6-14 years of age, following a O.l-mg/kg iv dose. Postinjection 
serum chlorpheniramine levels in each subject declined biexponentially, 
with the greatest intersubject variability occurring in the initial distri- 
bution of the drug. The volume of distribution at steady state ranged from 
1.20 to 5.46 liters/kg. The chlorpheniramine serum clearance varied ap- 
proximately twofold (234-470 ml/hr/kg) and generally decreased with 
age. The chlorpheniramine elimination half-life in children (mean of 9.6 
hr) appeared shorter than that in adults, probably due to higher chlor- 
pheniramine serum clearance in children. 


Keyphrases Chlorpheniramine maleate-pharmacokinetics of in- 
travenous drug in children Pharmacokinetics-intravenous chlor- 
pheniramine maleate in children Antihistaminics-pharmacokinet- 
ics of intravenous chlorpheniramine maleate in children 


Antihistamines represent a primary pharmacological 
approach to therapy for conditions such as allergic rhinitis 
and urticaria in patients of all ages. An appropriate anti- 
histamine and its dose are often chosen by trial and error, 
sometimes with marginal success. Failure of an antihis- 
tamine to provide adequate relief could be due to intrinsic 
limitations in the drug’s effectiveness or to suboptimal 
dosing due to a lack of pharmacokinetic information. 


Although chlorpheniramine maleate has been a widely 
used antihistamine for many years, only limited phar- 
macokinetic information on it has been reported, and no 
information for children is available. Studies with adults 
reveal inconsistencies in biological half-life, with values 
ranging from 2 to 43 hr. (Table I) (1-7). Recently reported 
longer half-lives for chlorphreniramine have been attrib- 
uted to longer blood sampling periods (6). 


A highly sensitive assay procedure for chlorpheniramine 
was recently developed (8). The distribution and elimi- 
nation of chlorpheniramine following intravenous ad- 
ministration of the drug to children were examined using 
this technique. This report presents the results of these 
studies. 


EXPERIMENTAL 


Methods-Seven children, 6-14 years of age and 24-63 kg (Table 11), 
were studied. The children were participating in a study of chronic rhi- 
nitis, and all had perennial rhinitis but no other significant medical 
problems. None had received antihistamines or any other medication for 
at least 1 month prior to the study. The children were studied for a 24-hr 
period’. 


Chlorpheniramine maleate2, 0.10 mg/kg, was administered intrave- 
nously over 5 min by an infusion pump3. Serum was obtained from venous 
blood samples collected immediately prior to drug administration and 
at  0.25,0.5, 1,2,4,6,8,12, and 24 hr following completion of the 5-min 
infusion. Serum was stored at -70’ until analyzed. 


Chlorpheniramine analysis was performed by GLC-mass spectrometry. 
A tetradeuterated analog was prepared for use as the internal standard. 
Each serum sample (2.0 ml) was mixed with 85 ng of the internal stan- 


Clinical Research Unit, National Jewish Hospital, Denver, Colo 
Scherin Corp., Kenilworth, N.J. 
Harvarcf Apparatus Co., Millis, Mass. 


Table I-Summary of Available Information on 
Chlornheniramine Half-Life in Adults 


Blood- 


Half-Life, of Dose, Period, 
Number Sampling 


hr Subiects me Route hr Reference 


25 
12-15 


28 
4 


24.5-36.3 
18 


19-43 
22.23 


6 4 Oral tablet 
6 12 Oral tablets 
2 4 Intravenous 
3 4 Oralsyrup 
4 8 Oral capsule 
4 4,8,12 Oral 


8 Oral tablet 5 
2 5 Intravenous 


5 1 
48 2 
48 2 
12 3 
48 4 ~. 


24 5 
60 
60 6.7 


~~~ ~ 


Estimated from Ref. 


dard, and extractions were carried out as previously described* (8). Final 
extracts were evaporated to dryness, redissolved in 5 pl of acetonitrile, 
and analyzed5. Ion current was monitored for mlz 203 (chlorpheniramine) 
and 207 (tetradeuterated chlorpheniramine). Peak area ratios were 
converted to concentrations by using a calibration curve for the chlor- 
pheniramine concentration range of 0-160 ng/ml. 


The serum chlorpheniramine concentration (C) uersus time curve for 
each subject was computer-fitted6 (9) to the biexponential equation: 


C = Ae-”t + Be-& (Eq. 1) 


where A ,  a, B, and fi  are constants. Coefficients of determination (12 )  
ranged from 0.991 to 1.000, and correlation coefficients ( r )  ranged from 
0.989 to 0.997, indicating that the biexponential equation adequately 
describes the time course of serum chlorpheniramine concentrations after 
short-term intravenous infusion. 


Following correction of A and B for the 5-min injection period, the 
intercepts ( A  and B )  and slopes (a  and (3) were used to calculate the 
distribution of half-life ( t l / Z , J ,  the biological half-life (tl/z;p), the ini‘tial 
dilution volume (Vl), the volume of distribution at  steady state (Vss), 
the postdistribution volume (Vp), and the serum clearance (C1) (10). 


RESULTS 


The biexponential decline of serum chlorpheniramine in a represen- 
tative child (Subject SW) is shown in Fig. 1. Pharmacokinetic parameters 
describing chlorpheniramine distribution and elimination in this group 
of children are summarized in Table 11. In this small group, no significant 
correlations could be shown relating absolute (not weight-adjusted) 
distribution volumes or serum clearance to total body surface area (11) 
(V1, r = -0.399; VSs, r = 0.467; Vo, r = 0.619; and C1, r = 0.638). Similarly, 
correlations relating absolute distribution volumes or clearance to total 
body weight were not significant(V1, r = -0.394; VSs, r = 0.511; V,, r = 
0.654; and Cl, r=  0.695). The distribution volumes and clearance values 
in Table I1 have been weight adjusted to facilitate comparison to available 
literature data for chlorpheniramine disposition in adults. 


The initial distribution of the drug was quite variable, as evidenced 
by a large intersubject variation in the initial dilution volume (Vl), a, and 
t 113,”. The intersubject variability of other pharmacokinetic parameters 
is In the range given for other drugs in children (12). 


Erratum-In Reference 8, the following corrections should be made. On page 
708, column 1, the next to last line should read “a 0.10-mg/kg dose.” On page 709, 
column 1, Table 11, should read Initial dilution volume (Vc), 2.982 literskg; Volume 
of distribution during postdistribution phase (V& 5.628 literdkg; total body 
clearance 4.15 ml/min/kg. On page 709, column 2, line 6 should read “intravenous 
dose of 0.10 mg/kg.” 


Model 5984A2, Hewlett-Packard, Palo Alto, Calif. 
CDC 6400 computer. 
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Table 11-Pharmacokinetic Parameters  in  Children following a 0.1-mg/kg iv Dose of Chlorpheniramine Maleate 
~ ~ 


Surface 
Age, Height, Weight, Area,a a, t112,*, 0, t 1/2,8> v1, V,,, VP7 C1, 


Subject yr cm kg m2 hr-l hr hr-' hr literdkg literdkg liters/kg ml/hr/kg 


T M  6 122 24 0.903 1.78 0.39 0.0796 8.7 1.93 4.79 5.19 413 
SB 9 137 28 1.05 3.89 0.18 0.0794 8.7 1.35 3.80 3.96 314 
CG 9 142 37 1.21 1.25 0.55 0.0857 8.1 1.87 4.76 5.49 470 
M P  11 155 38 1.31 4.13 0.17 0.133 5.2 0.145 1.20 2.28 302 ~ ~. 


T B  12 147 33 1.18 1.31 0.53 0.0443 15.7 2.98 5.46 5.63 249 sw 14 165 57 1.62 4.38 0.16 0.0526 13.2 0.537 4.06 4.45 234 
MR 14 165 63 1.69 4.41 0.16 0.0904 7.7 0.352 2.62 3.12 282 
Mean 148 40 1.28 3.02 0.31 0.0807 9.6 1.31 3.81 4.30 323 
ASD 15 15 0.29 1.49 0.18 0.0288 3.6 1.03 1.46 1.26 87 
c v ,  % 10 38 23 49 58 36 38 79 38 29 27 


Estimated using the equation (11): surface area (m2) = weight (kg)0.4Z5 X height ( ~ m ) ~ . ~ ~ ~  X 0.007184. 


0 
a l- 


40 


I , ,  
1 I . 1 I 1 1 1 I  


4 8 12 16 20 24 
HOURS 


Figure I-Serum chlorpheniramine concentrations following the in- 
travenous administration of a 0.1 -mg/kg dose of chlorpheniramine 
maleate to Subject SW. 


DISCUSSION 


The biological half-life for chlorpheniramine in adults has been re- 
ported to be as short as 2 hr and as long as 43 hr (Table I). Recent adult 
studies used a sensitive liquid chromatographic method to show that the 
chlorpheniramine half-life was 22 and 23 hr following intravenous ad- 
ministration to two subjects and 19-43 hr following oral administration 
to five subjects (6, 7). The previously reported shorter half-lives for 
chlorpheniramine in adults could be attributed to shorter blood sampling 
periods (6) and assay differences. A comparison of the biological half-lives 
for chlorpheniramine in this group of children (5.2-15.7 hr, Table 11) with 
biological half-lives reported recently for adults indicates that the drug 
is eliminated much more rapidly from children than from adults. 


Biological half-life (t1/2,0) is directly related to (V,) and inversely re- 
lated to CI according to: 


Comparisons between recently reported adult data and the data from 
this study in children offer evidence that the shorter chlorpheniramine 
biological half-life in children is primarily due to a greater chlorphenir- 
arnine serum clearance in children rather than to a difference in distri- 
bution volumes. The chlorpheniramine postdistribution volume (Vp) in 
children averaged 4.30 liters/kg (range 2.2g5.63 literdkg) and is similar 
to the postdistribution volume reported for adults (7) (3.2 and 3.6 li- 
ters/kg). The serum clearance for chlorpheniramine in children averaged 


323 ml/hr/kg (range 234-470 ml/hr/kg), while plasma clearance in adults 
is -100 ml/hr/kg (estimated from Ref. 7). The more rapid elimination 
of chlorpheniramine from children compared to adults is similar to that 
reported for other drugs (13). Interestingly, in this small sample of chil- 
dren the serum clearance of chlorphenirarnine is negatively correlated 
with age ( r  = -0.799, p < 0.05) and, no correlation could be shown be- 
tween serum clearance and weight (r  = -0.144) or body surface area (r  


Presently available information is insufficient for formulation of dosing 
recommendations for children; data on the relation between serum 
chlorpheniramine level and biological effect are needed. Little is known 
about the optimum chlorpheniramine serum concentration necessary 
for treatment of the clinical conditions for which the drug is used. In 
addition, since chlorpheniramine is commonly administered orally, an 
estimate of bioavailability would be necessary for formulating dosing 
recommendations. Studies in adults indicated that oral bioavailability 
is low (25 and 44% in two subjects following administration of tablets), 
possibly due to  an extensive gut first-pass effect (7). Oral chlorphenira- 
mine bioavailability estimates have not been reported for children. 


Although optimum serum chlorpheniramine levels and bioavailability 
in children have not been reported, the apparent age-related differences 
in chlorpheniramine elimination indicate that adherence to a fixed mil- 
ligram per kilogram maintenance dose may not be appropriate in all 
children. An oral dosage regimen of 0.35 mg/kg/day in four doses (or 
0.0875 mg/kg every 6 hr) has been recommended for older infants and 
children (14). The desired average steady-state serum drug concentration (c,,) is directly related to the fraction of the oral dose absorbed ( F )  and 
the oral maintenance dose ( D )  and indirectly related to the serum 
clearance ( C l )  and the dosing interval (7) according to: 


= -0.551). 


- F D  c,, = - c17 
With the assumption of no variation in bioavailability ( F ) ,  the rec- 


ommended oral dosage regimen could produce a twofold variation in 
average serum levels (Css), based on the twofold variation in the chlor- 
pheniramine serum clearance in the group of children studied (Table 11). 
The data suggest that younger children may require a slightly larger 
milligram per kilogram dose than the older child to produce equivalent 
serum chlorpheniramine levels, barring age-related differences in bio- 
availability. 


Based purely on pharmacokinetic considerations, frequent dosing of 
chlorpheniramine may not be necessary in adults because of the long 
elimination half-life (6, 7). The present study indicates that  frequent 
dosing may be advisable in children to reduce possible widely fluctuating 
and perhaps excessive or subtherapeutic serum chlorpheniramine levels. 
Dosing frequency decisions are complicated, however, by the generally 
accepted statement that  the therapeutic effect of chlorphenirarnine is 
no longer than 4 hr (2). Whether this is true in children is unclear and 
deserving of additional study. 
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Abstract 0 A titration method was developed for the determination of 
diphenhydramine, quinine, neostigmine, sparteine, strychnine, homa- 
tropine, atropine, physostigmine, and procaine in aqueous solution. 
Tetraphenylborate was used as a titrant with tetrabromophenolphthalein 
ethyl ester as an indicator in the presence of organic solvent. End-point 
detection was based on the color change of the indicator in the organic 
phase without movement of the indicator from one phase to the other. 


Keyphrases Amine drugs-analysis, two-phase titration a One-phase 
end-point change system-two-phase titration, amine drugs 0 Two- 
phase titration-amine drugs, one-phase end-point change system 


Titration methods permit the convenient determination 
of organic and inorganic ions without complex instru- 
mentation. Solvent extraction techniques are also conve- 
nient in the titration field. Two-phase titration (ion-pair 
extraction-titration) using methylene blue was proposed 
by Weatherburn (1) in 1950. However, with this two-phase 
dye transfer titration method, it is generally difficult to 
detect the end-point because a dye color in an aqueous 
layer reflects to the organic layer (2). Subsequently, ad- 
ditional reports (2-5) described two-phase dye transfer 
procedures involving modifications of the methylene blue 
method and substitutions of various dyes for methylene 
blue. 


Titration end-point detection, however, can be a prob- 
lem with the two-phase titration method due to color re- 
flectance between phases and differences in the color shade 
or hue in the two phases. These problems occur because 
the end-point detection in the two-phase titrations is based 
on the transfer of the indicator dye from one phase to the 
other, with end-points usually taken when color intensity 
is judged to be equal between the two phases. The two- 
phase titration has been applied only to the determination 
of surfactants. Mohammed and Cantwell (6) recently de- 
veloped a two-phase photometric titration method for the 
determination of drugs and surfactants. 


The present paper reports a new two-phase titration 
method based on the change of indicator in only one phase 


without movement of the indicator from one phase to the 
other. This one-phase end-point change system provided 
the two-phase titration method for the determination of 
amines in aqueous solution. Colorimetric and nonaqueous 
titrimetric methods were used for the determination of 
alkaloids or amines. 


EXPERIMENTAL’ 


Reagents-The potassium salt of tetrabromophenolphthalein ethyl 
ester, dissolved in ethanol to make a 0.1% solution, was used as the indi- 
cator. 


Buffer Solution-A borate-phosphate buffer was prepared by adding 
2 N H2S04 to a 0.2 M dibasic sodium phosphate solution containing 0.1 
M sodium borate. 


Titrant-Sodium tetraphenylborate (3.422 g), dried at  SOo, was dis- 
solved in water and diluted to 1 liter to make a 0.01 M solution. 


Amine Solution-Sample solutions of diphenhydramine, quinine, 
neostigmine, sparteine, strychnine, atropine, physostigmine, and procaine 
were prepared by dissolving their hydrochlorides, bromides, or sulfates 
in 0.002 N H2S04. The solutions were standardized by the official method 
(7). 


Titration Procedure-The proposed titration methods with a one- 
phase end-point change system are summarized in Table I. For example, 
the determination of diphenhydramine was as follows: 1-10 ml of di- 
phenhydramine solution (0.01 or 0.005 M ) ,  5 ml of borate-phosphate 
buffer (pH 5.5-7.5), 10 ml of ethylene dichloride, and 3-4 drops of indi- 
cator solution were placed in a 300-ml erlenmeyer flask. The mixture was 
titrated with 0.01 M tetraphenylborate solution with manual intermittent 
shaking to ensure equilibrium between the organic solvent and the 
aqueous phase. 


The other amines or alkaloids in Table I were treated in the same 
manner as described for diphenhydramine. 


RESULTS AND DISCUSSION 


End-Point Color-The one-phase end-point change system is based 
on the hydrophobic indicator, which is able to react with ions in the 
aqueous phase. The tetrabromophenolphthalein ethyl ester indicator 
is a monoprotic acid and can form ion associates or charge transfer 
complexes with amines or alkaloids (8). The initial mixture of the amines 
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Abstract 0 A titration method was developed for the determination of 
diphenhydramine, quinine, neostigmine, sparteine, strychnine, homa- 
tropine, atropine, physostigmine, and procaine in aqueous solution. 
Tetraphenylborate was used as a titrant with tetrabromophenolphthalein 
ethyl ester as an indicator in the presence of organic solvent. End-point 
detection was based on the color change of the indicator in the organic 
phase without movement of the indicator from one phase to the other. 


Keyphrases Amine drugs-analysis, two-phase titration a One-phase 
end-point change system-two-phase titration, amine drugs 0 Two- 
phase titration-amine drugs, one-phase end-point change system 
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extraction-titration) using methylene blue was proposed 
by Weatherburn (1) in 1950. However, with this two-phase 
dye transfer titration method, it is generally difficult to 
detect the end-point because a dye color in an aqueous 
layer reflects to the organic layer (2). Subsequently, ad- 
ditional reports (2-5) described two-phase dye transfer 
procedures involving modifications of the methylene blue 
method and substitutions of various dyes for methylene 
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cator. 


Buffer Solution-A borate-phosphate buffer was prepared by adding 
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were prepared by dissolving their hydrochlorides, bromides, or sulfates 
in 0.002 N H2S04. The solutions were standardized by the official method 
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Titration Procedure-The proposed titration methods with a one- 
phase end-point change system are summarized in Table I. For example, 
the determination of diphenhydramine was as follows: 1-10 ml of di- 
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Table I-Two-Phase Titration with One-Phase End-Point Change System for Determination of Amines a 
~~ 


Amine 


~~ 


pH in Aqueous Phase Organic Solvent 
Color Change in Organic 


Phase at End-Point 


Diphenhydramine 
Quinine 
Berberine 
Neostigmine 
Sparteine 
Alkaloids* 


5.5-7.5 
4.5-6.0 
5.0-9.5 
9.0-9.5 
5.0-9.0 
5.5-6.5 


Ethylene dichloride Violet - yellow 
Nitroethane Violet - yellow 
Chloroform Blue - yellow 
Ethylene dichloride 
Ethylene dichloride Blue - yellow 
Ethylene dichloride 


Greenish blue - yellow 


Reddish blue - greenish yellow 


a The indicator was tetrabromophenolphthalein ethyl ester, and the titrant was tetraphenylborate. * Strychnine, homatropine, atropine, physostigmine, and pro- 
caine. 


or alkaloids in Table I, buffer solution, indicator, and organic solvent 
yields a solution with a colorless aqueous layer and a blue or violet organic 
phase. As the solution is titrated with tetraphenylborate, with thorough 
shaking after each addition of titrant, the organic solution turns green 
near the end-point. When 1 drop of excess is added, the organic phase 
turns yellow, indicating the titration end-point. The upper aqueous layer 
remains colorless throughout titration due to the water insolubility of 
the tetrabromophenolphthalein ethyl ester indicator. Amines or alkaloids 
cannot be determined by the two-phase dye transfer titration method 
with methylene blue as an indicator because the end-point is not 
clear. 


Effect of pH on Titratibn-The effect of pH was studied by titrating 
a series of amines and alkaloids a t  various pH values. The titer was con- 
stant when the pH of the aqueous phase was within the range shown in 
Table I. When an amine (A) is titrated with a tetraphenylborate ion (B-) 
solution, the [A-H+-B-] complex is formed in the organic layer. The 
end-point of the titration with the proposed indicator (Ind) is described 
by: 


[A-H+ 4 Ind-1, + [B-lW + H+ - [A-H+ B-1, + [H-Ind], 
uiolet or blue yellow 


Scheme I 


where o is the organic phase and w is the aqueous phase. The indicator 
in the [A-H+.Ind-], complex is substituted by the titrant ion to liberate 
the indicator in the nondissociated form. 


The basic equilibria for the titration of diphenhydramine can be rep- 
resented by: 


D+B=[DB]  
Scheme I la  


D + Ind + [DInd] 
Scheme I l b  


where D is the diphenhydramine. (For simplicity, charges are omitted.) 
The corresponding equilibrium constants are: 


5 6 7 8 9 
PH 


Figure 1-Log K‘-pH diagram. Key: 1, log K;)B; and 2, log K&d. 


KDB = [DBl/([Dl[B]) 
Scheme IIla 


KDInd = [DInd]/([D][Ind]) 
Scheme IIIb 


The effective stability constants (K’) at room temperature can be ob- 
tained by determining [DB] and [DInd] in the organic phase using 
spectroscopic absorption measurements a t  various pH values (9). A 
simple log K’-pH diagram is given in Fig. 1 for the titration. Line 1 rep- 
resents pD or -log[D] at two equivalents of tetraphenylborate where [BIw 
= [BD],. Line 2 corresponds to the pD or -log[D] values at which [DInd], 
= [Ind],. From the log K’-pH diagram, a theoretical titration curve is 
constructed for the 0.01 M tetraphenylborate titration of 10 ml of 0.01 
M diphenhydramine at  pH 6.5 (Fig. 2). The shaded areas indicate the 
region of the color change of tetrabromophenolphthalein ethyl ester in- 
dicator, with C corresponding to the point of 50% color change. A maxi- 
mum color change is obtained by a minimum increment of titrant a t  this 
point. The fractional color change from 0.1 to 0.9 covers -2 pD units. The 
theoretical titration curve at pH 6.5 was in good agreement with experi- 
mental values. 


Other Variables and Foreign Substances-Larger amounts of 
buffer solution had no influence on titration, but amounts of (0.5 ml 
caused problems in phase separation. Initial volume fluctuations of the 
aqueous layer (5-25 ml) and the organic layer (7-15 ml) had no influence 
on the determination of the titration end-point. The effect of water- 
immiscible solvents on titration were tested: but,yl acetate, benzene, 
carbon tetrachloride, chlorobenzene, chloroform, ethylene dichloride, 
n-hexane, isopentyl alcohol, methyl isobutyl ketone, nitrobenzene, ni- 
troethane, and toluene. Of these solvents, the best ones for the titration 
are summarized in Table I. 


The effect of several salts on the titration of 10 ml of 0.01 M di- 
phenhydramine solution indicated that the following ions did not in- 
terfere a t  the 0.01 M level Na+, Ca2+, Mg2+, NH4+, K + ,  NOa-, S02-, 
C0s2-, Br-, I-, C1-, acetate, citrate, and tannate. Amines such as thi- 
amine and papaverine caused positive errors. Lauryl sulfate and mercury 
II interfered. 


Precision and Analysis of Practical Samples-The reproducibility 
of the proposed method with 0.005 M titrant solution was estimated from 


1 
EQUIVALENTS OF TITRANT 


Figure 2-Theoretical titration curve at pH 6.5; 10 ml of 0.01 M di- 
phenhydramine is titrated with 0.01 M tetraphenylborate. 


Journal of Pharmaceutical Sciences I 1287 
Vol. 70, No. 11, November 1981 







the results of 10 sample solutions (5 ml), each with a sparteine concen- 
tration of 0.005 M. The mean titer was 5.02 ml, with a standard deviation 
of 0.05 ml. The relative error was -2% when 5 ml of diphenhydramine 
solution was titrated according to the procedure. 


Commercial products containing diphenhydramine (injection, 10 
mg/ml; tablet, 90 mg/g; and ointment, 10 mg/g) were analyzed according 
to the proposed method and a spectrophotometric method (8). The re- 
sults were 9.97,91.0, and 9.90 mg of diphenhydramine/ml in the injection, 
tablet, and ointment, respectively, by the proposed method and 9.95,90.7, 
and 9.87 mg/g, respectively, by the spectrophotometric method. Tablet 
samples were dissolved in dilute sulfuric acid. The solution was filtered 
with a glass filter. Ointment samples were dispersed with 15 ml of ether 
in a separator. The contents were extracted three times with 10-ml por- 
tions of 0.1 N HzS04. The extracts were neutralized slightly with 0.1 N 
NaOH solution. 
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Abstract Experiments were performed to determine the suitability 
of using a chloride-ion electrode for the measurement of pseudoephedrine 
hydrochloride dissolution from commercially available compressed 
tablets. Dissolution experiments were carried out in 500 ml of distilled 
water using the USP paddle method at  100 rpm. Both chloride ion and 
pseudoephedrine (UV spectrophotometry) were measured at six different 
sampling times. Percent dissolved uersus time values were linearized on 
a log-normal probability basis. The slopes of individual lines obtained 
from the chloride and pseudoephedrine measurements were compared 
using a Student t test and did not differ significantly ( t  = 0.415, df = 5, 
p > 0.05). In addition to providing an efficient, inexpensive, and simple 
method for measuring pseudoephedrine hydrochloride dissolution rates, 
the chloride-ion electrode could be used in the measurement of dissolu- 
tion rates for a wide variety of drugs available as hydrochloride salts. 


Keyphrases 0 Pseudoephedrine hydrochloride-measurement of dis- 
solution using chloride-ion electrode 0 Chloride-ion electrode-mea- 
surement of pseudoephedrine hydrochloride dissolution Dissolu- 
tion-pseudoephedrine hydrochloride, measurement using chloride-ion 
electrode 


There has been a significant increase in the use of dis- 
solution rate testing for the development of new dosage 
forms as a quality assurance tool and as a predictor of 
bioavailability in instances where successful in viuo-in 
uitro correlations have been established. Recent activity 
has centered on the establishment of automated proce- 
dures and the optimization of existing methodology with 
emphasis on the USP rotating-basket and USP paddle 
methods (1). One interesting aspect has been the auto- 
mation of analytical measurements, mainly through the 
use of flow-through cells in conjunction with various 
spectrophotometers (2-7). Another analytical procedure 
that lends itself to automation is the use of a specific ion 
electrode to measure directly the drug’s counterion in the 
dissolution flask. 


BACKGROUND 


A survey of the recent literature revealed limited use of selective ion 
electrodes for measurement of tablet or capsule dissolution rates. Mason 


et al. (8) described the use of a sodium-ion selective electrode for the 
measurement of dissolution rates of specially prepared sodium salicylate 
tablets. They found agreement between sodium-ion concentrations 
measured by the selective ion electrode and atomic absorption spectro- 
photometry. Sodium-ion concentrations agreed with salicylate concen- 
trations measured spectrophotometrically. The method was later ex- 
tended (9) to measure dissolution rates of commercial tablets containing 
warfarin sodium, butabarbital sodium, and sodium bicarbonate. Data 
obtained by selective ion electrode and spectrophotometric measure- 
ments were in agreement when both methods were utilized. 


Thomas (10) used a potassium-ion specific electrode to study the re- 
lease rate of potassium from several brands of slow-release potassium 
chloride tablets. Other investigators ( l l ) ,  using similar methodology, also 
studied the dissolution release pattern of sustained-release potassium 
chloride tablets. This report presents the results of similar studies using 
anion measurements; i .e.,  a chloride-ion electrode was used to measure 
the dissolution rate of commercial pseudoephedrine hydrochloride tab- 
lets. 


EXPERIMENTAL 


Materials-Pseudoephedrine hydrochloride tablets’ (60 mg/tablet) 
and pseudoephedrine hydrochloride2 were used as received. An ionic 
strength adjuster (5  M NaN03) was prepared by dissolving 42.5 g of so- 
dium nitrate3 in 100 ml of distilled water. 


Chloride-Ion Measurements-Chloride ions were detected by a 
chloride-ion electrode4 together with a double-junction electrode5. The 
electrodes were connected to an analyzer6, which displayed direct milli- 
volt readings of the measured potentials. 


A calibration curve was constructed for pseudoephedrine hydrochlo- 
ride. Standard solutions of 0.01-1.00 mg/ml were prepared. For each 
standard solution, 100 ml of solution and 2 ml of ionic strength adjuster 
were poured into a 150-ml glass beaker and thoroughly stirred. The 
millivolt reading was recorded once the reading stabilized. These values 
were then linearized by plotting them on a linear scale as a function of 
the logarithm of the chloride concentration. 
UV Spectrophotometric Measurements-A Beer’s law curve was 


constructed for pseudoephedrine hydrochloride in distilled water. The 
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the results of 10 sample solutions (5 ml), each with a sparteine concen- 
tration of 0.005 M. The mean titer was 5.02 ml, with a standard deviation 
of 0.05 ml. The relative error was -2% when 5 ml of diphenhydramine 
solution was titrated according to the procedure. 


Commercial products containing diphenhydramine (injection, 10 
mg/ml; tablet, 90 mg/g; and ointment, 10 mg/g) were analyzed according 
to the proposed method and a spectrophotometric method (8). The re- 
sults were 9.97,91.0, and 9.90 mg of diphenhydramine/ml in the injection, 
tablet, and ointment, respectively, by the proposed method and 9.95,90.7, 
and 9.87 mg/g, respectively, by the spectrophotometric method. Tablet 
samples were dissolved in dilute sulfuric acid. The solution was filtered 
with a glass filter. Ointment samples were dispersed with 15 ml of ether 
in a separator. The contents were extracted three times with 10-ml por- 
tions of 0.1 N HzS04. The extracts were neutralized slightly with 0.1 N 
NaOH solution. 
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Sudafed tablets, batches 7L2089 and 7L2087, Burroughs Wellcome 


Batch P5705-4G, Burroughs Wellcome Co., Research Triangle Park, 
ACS reagent, Fisher Scientific, Pittsburgh, Pa. 
Model 94-17A, Orion Research, Cambridge, Mass. 
Model 90-02, Orion Research, Cambridge, Mass. 
Microprocessor Ionlyzer/901, Orion Research, Cambridge, Mass. 


search Triangle Park, N.C. 
co., 
N.C 


Re- 
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Table I-Mean * (f SEM) Percent of Drug Dissolved from Two Separate Batches of 60-mg Pseudoephedrine Hydrochloride Tablets 
Analyzed by Chloride-Ion Measurement and UV Spectrophotometry 


Batch 7L2089 
Minutes Chloride Ion UV Spectrophotometry 


Batch 7L2087 
Chloride Ion UV Spectrophotometry 


2 
5 


10 
15 
30 
60 


31.1 f 1.2 
57.6 f 1.8 
88.2 f 1.7 
98.3 f 0.5 
99.9 f 0.1 
99.8 f 0.2 


31.3 f 1.3 
60.9 f 4.3 
81.8 f 2.3 
93.8 f 2.0 
99.0 f 0.7 
98.2 f 0.7 


32.9 f 3.8 
62.9 f 6.3 
88.8 f 4.6 
96.4 f 1.4 
99.4 f 0.2 
99.8 f 0.2 


29.5 f 2.1 
49.2 f 1.2 
76.2 f 1.7 
92.1 f 1.8 
99.3 f 0.3 
99.3 f 0.4 


“ n = 6  


absorbances of the standard and sample solutions were read at  a wave- 
length of 257 nm’. 


Dissolution Studies-Dissolution studies were performed using the 
USP rotating-paddle method (1) a t  a stirring rate of 100 rpm. The dis- 
solution medium consisted of 500 ml of distilled water and 10 ml of ionic 
strength adjuster for chloride-ion measurements. The ionic strength 
adjuster was omitted when UV measurements were made. 


For measurements of chloride-ion concentrations, the electrodes were 
placed in the flask 5 cm from the bottom to permit direct measurement 
without sample withdrawal. Ten-milliliter samples were withdrawn with 
replacement and filtered through 0.65-wm membrane filters8 for UV 
measurements. Direct readings and sample withdrawal were done at  2, 
5,10,15,30, and 60 min. These experiments were performed on two dif- 
ferent batches of tablets. Six tablets from each batch were studied by each 
of the two analytical methods. 


Measured concentrations were converted to amount dissolved, with 
correction for sample replacement where appropriate. The data was 
linearized using log-normal probability plots. The slopes of the resulting 
lines were statistically analyzed using a Student t test. 


RESULTS AND DISCUSSION 


The millivolt readings of the standard solutions were recorded on 3 
consecutive days and indicated good reproducibility. A similar concen- 
tration range of standard solutions was prepared on 3 different days, and 
millivolt readings of each solution were recorded immediately after 
preparation with good reproducibility. A higher standard error of the 
mean ( S E M )  was observed at the 0.01-mg/ml concentration. Because the 
range of concentrations between 0.01 and 0.03 mg/ml was of minimal 
importance to the dissolution test, the calibration curve was established 
between 0.03 and 1.00 mg/ml and expressed as: 


V = 125.62 - 53.55(10g D) (Eq. 1) 


where V is the potential (millivolts), D is the drug concentration (milli- 
grams per milliliter). Linear correlation coefficient ( r )  was 0.996. 


Dissolution test results for both analytical methods are summarized 
in Table I for the two batches of 60-mg pseudoephedrine hydrochloride 
tablets. Although some differences existed at the 5-, lo-, and 15-min 
sampling times for both batches, no statistically significant differences 


7 Model 35 recording spectrophotometer, Beckman Instruments, Irvine, Calif. 
8 Miliipore Corp., Bedford, Mass. 


were found between the dissolution rates as determined by the two 
methods at  the 95% confidence level. 


Initial attempts to use this method for the measurement of dissolution 
rates of sugar-coated 30-mg pseudoephedrine hydrochloride tablets re- 
sulted in large amounts (12@150% of label strength) of pseudoephedrine 
hydrochloride appearing in solution. Various experiments were conducted 
to determine the source of this considerable interference with the mea- 
surement of chloride ions. The results revealed that the major source was 
caused by certain unidentified ingredients in the coating material. These 
findings indicated that the chloride-ion electrode would be of limited use 
for obtaining dissolution rate profiles for such products. However, a 
standard could be established for the measurement of dissolution at  a 
single time point as a quality assurance procedure. 


The results of these studies demonstrate that use of a chloride-ion 
electrode is a rapid and effective way of generating dissolution data 
provided that interferences are minimal. Although this report is limited 
to a single drug, the method may have application for other drugs avail- 
able as hydrochloride salts. 
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Abstract Studies on the binding of mercaptopurine to human serum, 
human serum albumin, or orosomucoid gave varying results, with binding 
ranging from 20 to 90%. Binding has been shown to be affected by oxi- 
dizing agents, which increase binding at  low concentrations, and by re- 
ducing agents, which decrease binding. Repeated equilibrium dialyses 
and gel filtration experiments indicated that mercaptopurine is partly 
irreversibly bound to serum proteins. This binding is oxidation dependent 
and probably involves the sulfhydryl group of the drug. 


Keyphrases 0 Mercaptopurine-irreversible binding to human serum 
proteins Binding-irreversible, of mercaptopurine to human serum 
proteins 0 Antineoplastics-mercaptopurine, irreversible binding to 
human serum proteins 


Loo et al. (1) reported that mercaptopurine is bound 
19% in human plasma. However, preliminary studies in 
this laboratory using equilibrium dialysis to measure the 
binding of mercaptopurine to serum proteins in vitro gave 
varying results. Moreover, Scatchard analyses of data 
obtained from experiments with serum, purifed human 
serum albumin, and orosomucoid gave very low n values, 
which were not compatible with reversible binding to a 
specific binding site. The variance obtained with different 
serum samples was even greater than that seen when 
identical samples were compared. However, aged serum 
samples generally gave higher binding (up to -90%). 


Further investigation indicated that binding was in- 
fluenced by the presence of reducing or oxidizing agents, 
e.g., mercaptoethanol and hydrogen peroxide. The present 
paper shows that the varying binding of mercaptopurine 
to serum proteins in vitro can be explained by irreversible 
binding phenomena involving the reactive mercapto group 
of the drug. 


EXPERIMENTAL 


Drugs-6-Mercaptopurine was used in the unlabeled' or 14C-labeled2 
form. Radiochemical purity (>96%) was checked by TLC. 


Serum-Two types of serum samples were used: (a) pooled normal 
serum obtained from healthy persons and stored frozen for a long time, 
and ( b )  freshly prepared normal serum from three healthy persons and 
used within several days. The blood was collected in untreated glass 
tubes without any additions. 


Equilibrium Dialysis-Serum protein binding was determined by 
equilibrium dialysis a t  20' against an isotonic phosphate buffer (2), pH 
7.4, using standard membranes3. Duplicate determinations were per- 
formed, and the amount of serum and buffer was 500 p1 on each side of 
the dialysis cell. The drug was dissolved in the buffer. The equilibration 
time was 17-19 hr. Control experiments indicated that equilibrium was 
reached within 15 hr. After equilibration, radioactivity was determined 
in duplicate with 200 fil of sample aliquots from both sides of the dialysis 
cells in 5 ml of Instagel. 


Gel Filtration-Gel filtration was performed with Sephadex G-254 


1 Wellcome Foundation, England. 
2 CEA (Commissariat d 1'Energie Atomique), Gif-Sur-Yvette, France. 
3 Technicon. 
4 Pharmacia Fine Chemicals. 


in a 25 X 1.5-cm column and a 0.005 M phosphate buffer (pH 7.4) with 
0.1 M potassium chloride. 


RESULTS AND DISCUSSION 


Equilibrium Dialysis-Quantitative studies on the binding of 
[14C]mercaptopurine to serum proteins by equilibrium dialysis gave 
varying results. The variation was particularly large between fresh and 
aged serum samples, and addition of reducing or oxidating agents sig- 
nificantly affected binding. Table I summarizes some of the results ob- 
tained. Each group of results was obtained with identical serum samples 
a t  the same time but with different treatments. Thus, the binding to 
freshly drawn serum was -20-30%, while serum stored frozen for -3 years 
bound -90% of the drug. If the freshly drawn serum was exposed to air, 
binding significantly increased with time. In contrast, addition of re- 
ducing substances (cysteine, dithiothreitol, or mercaptoethanol) pro- 
foundly impaired the binding of both aged and fresh serums. 


The difference in the binding capacity of fresh and aged serums was 
probably due to serum oxidation since addition of small amounts of hy- 
drogen peroxide increased binding (Table I). However, when hydrogen 
peroxide was increased to millimolar concentrations, the detected binding 
decreased. Later experiments with gel filtrations indicated that this effect 
was mainly due to the oxidation of mercaptopurine to the dimeric form, 
which has a lower affinity for albumin. 


These results suggest that the binding of mercaptopurine to the serum 
proteins depends on the oxidation-reduction properties of the system. 
Thus, the sulfhydryl group of the mercaptopurine may be involved in the 
binding. Such binding involving a covalently bound S-group should not 
be easily reversible. 
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EFFLUENT VOLUME, ml 
Figure 1-Aged human serum with [14C]mercaptopurine chromato- 
graphed in 0.1 M potassium chloride with 0.005 M phosphate, pH 7.4 
(H). The protein peak fraction was rechromatographed under the same 
conditions (0). As controls, untreated [14C]mercaptopurine was run 
alone (0) and after oxidation with hydrogen peroxide in excess (0) on 
the same column. 
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Table I-Binding * of 6-Mercaptopurine to Human Serum 
Proteins a t  Various Conditions 


Mercaptopurine 


Sample 
Concentration, Binding 


p M  Percent Relative 


Table  11-Repeated Equilibrium Dialysis of [ 14C]- 
Mercaptopurine (14.000 dpm/cell) and Human Serum 


Radioactivity, dpm Fraction 
Protein Buffer Bound, 


Side Side % 


Fresh serum 2.5 30.8 100 
Fresh serum + mercaptoethanol 2.5 6.5 21 


(4.8 mM) 
Fresh serum aged for 4 hr in air 2.5 54.2 176 
Aged serum 2.5 86.3 100 
Aged serum + mercaptoethanol 2.5 26.0 30 


(4.8 mM) 
Fresh serum 0.7 64.2 100 
Fresh serum + hydrogen peroxide 0.7 95.1 148 


Fresh serum + hydrogen peroxide 0.7 86.3 134 
(0.25 mM) 


(2.5 mM) 
Aged serum 0.7 92.0 


buffer (pH 7.4). 
Binding was studied by equilibrium dialysis at 20” with an isotonic phosphate 


To test whether the binding is reversible or not, repeated equilibrium 
dialysis was performed. The buffer side of the dialysis cell was replaced 
with fresh buffer after equilibrium was attained. The cell was then 
equilibrated again. As shown in Table 11, the free fraction on the buffer 
side reduced to about half of the original free fraction after the second 
equilibration. This result indicates an irreversible binding of mercap- 
topurine and an equal distribution of the initially unbound drug on the 
protein side between the two sides after buffer replacement. Nothing of 
the bound fraction was dissociated from the protein and redistributed 
to both sides of the dialysis cell. A repeated equilibrium dialysis was also 
performed with salicylic acid as a control. In this experiment, the original 
free fraction on the buffer side was recovered after the second equili- 
bration, which indicates reversible binding as expected. 


Gel Filtration-Another experiment was performed with gel filtration 
to test whether binding is reversible. A sample solution of [14C]mercap- 
topurine in aged serum was run on a Sephadex G-25 column. The peak 
fraction containing the proteins and bound drug, i e . ,  the first eluted peak, 
was run a second time. The chromatograms obtained are shown in Fig. 
1. The second run gave only one peak, indicating that no free drug was 
present. These results support the hypothesis that binding is irrevers- 
ible. 


The same experiment was performed under identical conditions with 
salicylic acid, which is known to exhibit reversible binding to serum al- 
bumin. As expected, the second run showed that salicylic acid dissociated 
from the protein fraction. 


When [14C]mercaptopurine was run alone on the column, the chro- 
matogram showed two peaks. Their relative size was directly correlated 
to the presence of any oxidizing agent, e.g., hydrogen peroxide, which 


First equilibration ND 1500 90.0 


Second equilibration 11,727 817 93.5 
ND 1317 


after replacement 12,097 720 
of buffer 


Not detected. 


completely transferred the mercaptopurine into the dimeric form when 
added in excess. As shown in Fig. 1, the dimer was eluted between the 
protein and monomer peaks. 


These results are compatible with the hypothesis that the sulfhydryl 
group of mercaptopurine is involved in an oxidation-dependent reaction 
with free sulfhydryl groups in proteins and/or in an oxidation-indepen- 
dent S-S interchange with the protein molecules. The mercaptopurine 
dimer does not bind or is only poorly bound to serum proteins. 


Recently, similar results were found in a study on the binding of mer- 
captopurine to rat hepatic microsomal proteins (3). After oxidation of 
the labeled microsomal protein with performic acid, 75% of the radioac- 
tivity was released, suggesting that the drug was bound uia a disulfide 
bond. 


Binding studies in uitro with mercaptopurine and similar compounds 
should be performed with great care, excluding air and oxidizing agents. 
Biological samples with mercaptopurine, e.g. blood, plasma, or serum, 
should also be handled under well-controlled conditions, and results 
obtained under poorly defined conditions should be judged skepti- 
cally. 
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Abstract The preparation of 4,4-ditritio-(+)-nicotine (Vb) (specific 
activity 10.3 Ci/mmole) from (+)-nicotine (Ib) via (-)-4,4-dibromoco- 
tinine (IIIb) is described. Although Ib is 10-30 times less potent than 
(-)-nicotine (Ia) in the CNS, its binding affinity for the crude mito- 
chondrial or nuclear fraction of whole rat brain is only three times less 
than that of Ia. However, distribution studies showed that the maximum 
brain levels of (-)-[3H]nicotine are nearly twice those of (+)-[3H]-nicotine 
following administration of a 2-pg/kg dose. Binding affinity and dispo- 
sition of the stereoisomers account for a portion of the pharmacological 
stereospecificity of nicotine. 


Keyphrases 4,4-Ditritio-(+)-nicotine - synthesis, comparative 
binding and distribution with the natural enantiomer Stereoiso- 
mers-nicotine, binding affinity and disposition in rats IJ Binding- 
nicotine stereoisomers, rats 


The actions of nicotine on the central nervous system 
have been shown to be stereospecific (1-4). If nicotine's 
effects result from its interaction with receptors, then ni- 
cotine binding to brain tissue should reflect this selectivity. 
Recently (5)' a synthesis and some preliminary binding 
data for 4,4-ditritio-(-)-nicotine (Va, specific activity 4.7 
Ci/mmole) were presented. In those binding studies, excess 
(+)- and (-)-nicotine were equally effective in displacing 
(-)-[3H]nicotine that was bound to rat brain, a finding that 
suggested nicotine binding lacked stereospecificity. 


The stereospecificity of nicotine can be investigated 
further by comparing directly the binding and disposition 
of (+)- and ( -)-[3H]nicotine. The synthesis of radiolabeled 
(+)-nicotine, the enantiomer of Va,  4,4-ditritio-(-)-ni- 
cotine' (Vb), prepared from (+)-nicotine according to 
Scheme I is reported here. An improved procedure for the 
hydrogenolysis of (+)-4,4- dibromocotinine (IIIa)2, which 
was applied to the tritiolysis of IIIb, the enantiomer of IIIa, 
is also included. The resultant Vb with a relatively high 
specific activity (10.3 Ci/mmole) has facilitated binding 
and disposition experiments with (-)- and (+)-nicotine 
(Ia and Ib,  respectively). 


EXPERIMENTAL 


Chemistry-Conuersion of (+)-4,4-Dibromocotinine (Illa) to (-)- 
Nicotine (la)-Compound IIIa2 (35 mg, 0.2 mmole), [ a ] z  +33.4401 [a]& 
nm t39.48" (c, 2.234 in methan~l )~ ,  prepared from Ia (5,6), in 0.5 ml of 
tetrahydrofuran was added to a suspension of 30 mg of 10% palladium-on 
charcoal, 0.03 ml (0.2 mmole) of triethylamine, and 1.0 ml of tetrahy- 
drofuran under hydrogen. During 45-50 min of agitation, 4.4-4.6 ml 
(theory, 4.4 ml) of hydrogen was consumed. Filtration and evaporation 
of solvent in U ~ C U O  (without heating) gave (-)-cotinine (6) (essentially 
pure by TLC)4, which was reduced to IQ with aluminum lithium hydride 
(5). 


'(+)-Nicotine has the R configuration. * Erroneously recorded as (-)-4,4-dibromocotinine in Ref. 5. 
E. R. Bowman, Department of Pharmacology, Medical College of Virginia 


Silica gel plates GHLF from Analtech (Newark, Delaware) were developed in 
(personal communication) found [cr]%:~ nm t 35.68' (c, 12.5 in ethanol) for IIIn. 


acetone-ether-concentrated ammonia (4:160.1). Nicotine R, was 0.55. 


4,4-Ditritio-(+)-nicotine (Vb)-Conversion of Ib (2) to (-)-4,4-di- 
bromocotinine (IIIb), [a]g -32.74, [a]& nm -40.12 (c, 0.678 in methanol) 
(see corresponding values for IIIa), mp 121-122O, was effected in a 50% 
yield as described previously for the (-)-series (5), Ia - IIIa. The re- 
sulting IIIb was tritiolyzed5 as described for the hydrogenolysis of IIIa. 
This tritiated material, IVb, was reduced to Vb with aluminum lithium 
hydride as described for IVa - Va (5). The purity of Vb was determined 
by TLC4. Ninety-nine percent of the radioactivity corresponded to au- 
thentic (+)-nicotine (2) and none to cotinine. 


Determination of Specific Activity of Vb-As described previously 
for Va (5), Vb was injected into a gas chromatograph-mass spectromete# 
for single-ion monitoring of m/z 84,86, and 88, the base peaks of PHO]-Vb, 
[3H1]-Vb, and [3Hz]-Vb, respectively. From a t3Ho]-Vb calibration curve, 
it was determined that each microcurie of radiolabeled material contained 
111,41, and 5 ng of [3Ho]-Vb, [;Hl]-Vb, and [3Hz]-Vb, respectively. This 
translates into a specific activity of 10.3 Ci/mmole for Vb. 


Binding Studies-Brains from Sprague-Dawley rats were homoge- 
nized in isotonic sucrose, and crude nuclear pellets were obtained by 
centrifuging the homogenates at 1OOOXg. The supernates were spun at 
10,OOOXg to provide crude mitochondrial pellets. The crude nuclear and 
crude mitochondrial pellets were resuspended in Krebs-Henseleit buffer 
(pH 8.4) to a final protein concentration of 3 mg/ml. The resuspended 
fractions were pipetted into microfuge tubes; then saline, unlabeled 
(+)-nicotine or unlabeled (-)-nicotine wm added for a 5-min incubation 
period at 2 O .  Then radiolabeled nicotine was added for an additional 
5-min incubation at 2". 


Bound and free nicotine were separated by centrifugation in a micro- 


Br 
1 


I (Br,-HBr complex 


I1 


95% C,H,OH 
K2CO3 


J aluminum lithium hydroxide 


T 


CH3 


V 


Scheme I-u (-) and b (+) series 


Amersham-Searle, Arlington Heights, Ill. 
Finnigan 4000, Finnigan, Sunnyvale, Calif. 
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Figure 1-Time course of (+)- and (-)-[3H]nicotine (2 pglkg) in rat 
brain and plasma. Results are expressed as mean *SE (n = 5). Values 
are significantly different at p <0.005 (*) and p <0.001 (**) according 
to a Student t test. Key: (+)-f3H]Nicotine, i n  brain (A----A) and 
plasma (A-A), and (-)-[3H]nicotine, in brain fa---- U) and plasma 


fuge7 for 3 min. The tips of the centrifuge tubes, which contained the 
pellets, were severed with a guillotine and vortexed with scintillation fluid 
(two parts of toluene containing 0.4% 2,5-diphenyloxazole and 0.01% 
1,4-bis[2-(4-methyl-5-phenyloxazolyl)]benzene and one part of alkyl- 
phenoxypolyethoxyethano18). Radioactivity was quantitated by liquid 
scintillation spectrometry, and quench was corrected by external stan- 
dardization. 


Distribution Studies-Sprague-Dawley rats were injected subcu- 
tanously with either (+)- or (-)-[3H]nicotine ditartrate in saline (60 &i/2 
pglkg, calculated as free base), and five rats were decapitated at each time 
point for each treatment. Blood from the cervical wound was collected 
in heparinized tubes, which was centrifuged at  lOOOXg to obtain plasma. 
Brains were homogenizeds in five volumes of 0.5 N HCl. Total radioac- 
tivity was determined by counting 100 p1 of plasma and tissue homoge- 
nates in aqueous counting scintillant5. An extraction technique that re- 
moved nicotine, but not metabolites, was used to quantitate [3H]nicotine 
(7). Plasma (0.5 ml) and tissue homogenates (1.0 ml) were made basic with 
3 drops of concentrated ammonia and 1 ml of 40% tribasic potassium 
phosphate. Nicotine ditartrate (1 mg/200 pl) was added as a carrier, and 
the samples were shaken with 10 ml of hexane. Hexane (8 ml) was re- 
moved and counted directly in 10 ml of scintillation fluid. Quench was 
corrected using external standardization. This extraction removed 
90-95% of [3H]nicotine, and no metabolites were detected in these ex- 
tracts by TLC analysis4. 


(e-e). 


RESULTS AND DISCUSSION 


Binding Studies-The high specific activity of (+)-[3H]nicotine 
provided the opportunity to compare the binding characteristics and 
affinity of (+)-[3H]nicotine to those of (-)-[3H]nicotine. The physio- 
chemical requirements for (+)-[3H]nicotine binding to the crude nuclear 
and crude mitochondrial fractions of whole rat brain were similar to those 
described previously for (-)-[3H]nicotine (5). Excess concentrations 
M )  of the unlabeled stereoisomers were equally effective in displacing 


Model B, Reckman Instruments, Palo Alto, Calif. 
8 Triton X-100, New England Nuclear, Boston, Mass. 
9 Polytron, Brinkmann Instruments, Westbury, N.Y. 


(+)-[3H]nicotine. The quantity of saturable binding of (+)-[3H]nicotine 
was less than that of (-)-[3H]nicotine, while the amount of nonsaturable 
binding was similar for both. The ratio of saturable to nonsaturable 
binding was 1.06 and 0.64 for (-)-[3H]nicotine and (+)-[3H]nicotine, 
respectively. Scatchard plots of the saturable binding of (+)-[3H]nicotine 
to the crude mitochondrial fraction revealed a KD value of 2.2 X M ,  
which was approximately three times greater than that of (-)-[3H]ni- 
cotine (KD = 6.3 X M ) .  Binding to the crude nuclear fraction of 
whole rat brain was similar to that found for the crude mitochondrial 
fraction. The KD values for (+)-[3H]nicotine and (-)-[3H]nicotine were 
2.6 X and 7 X M, respectively. 


Previous reports indicated that (-)-nicotine was pharmacologically 
10-30 times more potent than (+)-nicotine (2,3). However, the in uitro 
binding of (-)-[3H]nicotine to rat brain tissue appeared to lack stereo- 
specificity in that (+)- and (-)-nicotine were equally effective in dis- 
placing (-)-[3H]nicotine (5). These studies suggested that the isomers 
differed in efficacy rather than affinity. However, the direct comparison 
of (+)- and (-)-[3H]nicotine binding data in the present study showed 
that (+)-[3-H]nicotine has approximately one-third the affinity of 
(-)-[3H]nicotine. Differences in both binding affinity and efficacy ap- 
parently account for pharmacological stereospecificity. Differences in 
brain levels of the stereoisomers could also contribute to potency dif- 
ferences that are based on dose. 


Distribution Studies-The time course of (+)- and (-)-[3H-]nicotine 
in rat brain and plasma is shown in Fig. 1. Maximum plasma levels of (+)- 
and (-)-[3H]nicotine were observed at 10 and 20 min, respectively. 
Maximum brain levels of both stereoisomers occurred at  20 min. The 
brain and plasma concentrations of (-)-[3H]nicotine were significantly 
greater than those of (+)-[3H]nicotine for almost all time points. The 
differences in brain levels of the two stereoisomers are probably not due 
to binding affinity for brain or to penetration of the blood brain barrier 
but rather to differences in plasma levels. Levels of total radioactivity 
in plasma did not differ between the (+)- and (-)-[3H]nicotine-treated 
animals at any time point. 


These data suggest that both isomers are absorbed at  a similar rate 
following subcutaneous injection. It would appear that (+)-[3H]nicotine 
is metabolized at a faster rate than (-)-[3H]nicotine, although this point 
needs investigation. The brain levels of total radioactivity in the (-1- 
[3H]nicotine-treated animals were twice as high as those in the (+)- 
[3H]nicotine treatment group, reflecting the poor penetrability of nicotine 
metabolites into brain. The differences in the brain levels of (+)- and 
(-)-[3H]nicotine show that potency ratios of the stereoisomers of nicotine 
should be based on concentration at  the target tissue rather than on 
dose. 
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Abstract A sensitive method based on ion-pair extraction is described 
for the quantification of hematoporphyrin and protoporphyrin using 
chlorpromazine as an ion-pair-forming agent. Extraction of the ion-pair 
in chloroform is obtained quickly a t  an optimum pH of 6.5 for hemato- 
porphyrin and of 6.5-6.8 for protoporphyrin, giving an excellent recovery 
of the porphyrin. A stoichiometric relationship of 1:2 betweeen porphyrin 
and chlorpromazine is proved. Cyanocobalamin and liver extract do not 
interfere with the assay. 


Keyphrases Hematoporphyrin-determination by ion-pair extraction 
with chlorpromazine 0 Protoporphyrin-determination by ion-pair 
extraction with chlorpromazine Ion-pair extraction-determination 
of hematoporphyrin and protoporphyrin using chlorpromazine 


Hematoporphyrin' (I) and protoporphyrinl (11) have 
been found in human bile and in urine of patients with 
various porphyrias (1, 2). Compoynd I1 is present in cir- 
rhosis, hepatic tumors, cholestasis (3), and in lead intoxi- 
cation (4). 


Recently, the pharmacological actions of I were reviewed 
(5) .  Compound I is used in anemia with cyanocobalamin 
and liver extract; I and some of its charge transfer com- 
plexes show antidepressant activity (6-8). 


Analysis by direct spectrophotometry is not suitable for 
porphyrins in urine or when colored substances, such as 
liver extract and cyanocobalamin, are present in I. Ion-pair 
formation of I with dialkylaminoalkylphenothiazines was 
noted (9), and a red precipitate formed at pH 6.0-6.5. In 
the present study, a method based on ion-pair extraction 
(10-12) was applied for assaying I and I1 using chlorprom- 
azine hydrochloride2 (111) as a reagent. 


EXPERIMENTAL 


Materials-Hematoporphyrin dihydrochloride (I), protoporphyrin 
disodium salt (11), chlorpromazine hydrochloride (III), cyanocobalamin' 
(IV), liver extract (4 pg/ml of cyanocobalamin)' (V), and chloroform BP 
were used. 


M 11. and 1 X lo-' M 111 in the required buffer. The ionic strength was 
not adjusted, but the solutions were prepared in 1 X lo-' M phosphate 
buffer at  various pH values. 


Preparation of Solid Complexes between Porphyrins and 
Chlorpromazine-Compound I (60 mg) was dissolved in -250 ml of pH 
6.5 buffer and was precipitated by addition of 3 ml of I11 (1 X lo-' M )  
with continuous stirring. The mixture was set aside for 30 min, filtered 
through a sintered-glass funnel (porosity 41, washed with 3-ml portions 
of ice-cold water, and dried under vacuum. The same procedure was 
followed for I1 but with a pH 6.8 buffer. A stoichiometric relationship was 
proved in both cases by NMR spectroscopy3 and by spectr~photometry~ 
according to the previously described methods (9). 


Effect of Chlorpromazine on Porphyrins Recovery-Aliquots of 
I (6 ml, 1 X M )  and 111 (0.1-1.6-m1,1 X lo-' M )  in pH 6.5 buffer were 
diluted in a 20-ml volumetric flask with the pH 6.5 buffer and then 
transferred to a separator. Extraction was accomplished by adding 20 


Reagents-The following solutions were used: 1 X M I, 1 X 


Fluka. 
2 RhBne-Poulenc. 
3 'H-NMR (Varian A-60). 


Perkin-Elmer EPS-3T spectrophotometer. 


ml of chloroform and then shaking thoroughly for 2 min. Absorbance was 
measured against chloroform from the blank experiment a t  502 nm. 


The same procedure was used for I1 with a pH 6.8 buffer and reading 
of the absorbance at  505 nm (Fig. 1). 


Effect of pH on Recovery-Aliquots of I (6 ml, 1 X M )  and I11 
(1 ml, 1 X 10-1 M )  in buffered solutions of pH 5.8-7.0 were introduced 
into dry separators and diluted with 13-ml aliquots of the appropriate 
buffer. Each solution was shaken thoroughly for 2 min with 20 ml of 
chloroform. The absorbance of the separated organic phase was measured 
against chloroform from the blank experiment. The same procedure was 
used for 11. 


M )  and I11 (1 X 
10-l M )  were used to prepare mixed standard solutions. The mixed 
standards were diluted to 20 ml with the buffer in a volumetric flask to 
yield a series of mixed working solutions containing 1-2.5 X M I and 
5 X lop3 M 111. The working solutions in the separators were gently 
shaken for 2 min with 20 ml of chloroform. The absorbance of the chlo- 
roform extract was measured against the chloroform extract from the 
blank experiment. 


The mean value of three experiments was taken in to obtain the cali- 
bration curve. The molar absorptivity (c) was 10,000 f 100 a t  502 nm. 
This value was confirmed by direct measurement of the absorbance of 
the solid complex in chloroform. 


The same procedure was used for II; the molar absorptivity (€1 was 
11,000 f 120 a t  505 nm and was also confirmed by direct measurement 
of the absorbance of the solid complex in chloroform. 


Calibration Curve-Stock solutions of I (1 X 
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Figure 1-Recouery of the chloroform extract as a function of chlor- 
promazine with Concentrations of 3 X M hematoporphyrin (A) 
and 3 X M protoporphyrin (0) in the aqueous layer. 
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Table I-Recovery of 200 pg of Hematoporphyrin from 20-ml 
Solutions 


In Presence of 
20 fig of In presence of 


Buffer Cyanocobalamin 25% Liver Extract 


100 


90 .  


8 


a 
w > 
0 
0 
w 


>- 


8 0 .  


7 0 .  


197.5 
197.0 


- 


C 


198.2 
199.8 
200.0 


199.0 
197.3 
200.0 
197.5 
196.5 


201.0 
196.5 ~~ 


197.5 
197.2 
199.2 


199.0 197.5 198.0 
198.5 i 1.2O' 198.0 f 1.4" 198.2 f 1.6a 


Mean f SD. 


Analysis of Porphyrins i n  Presence of Cyanocobalamin and  
Liver Extract-A preliminary experiment performed using a chlorprom- 
azine ion-pair method with a 5-ml aliquot of 4 pg/ml of cyanocobalamin 
or of liver extract showed no formation of colored complex in chloroform. 
Consequently, on assaying porphyrin (200 pg) in the presence of either 
of these solutions, no interference occurred and hemato- 
porphyrin or protoporphyrin was easily and quantitatively extracted. 
Table I lists the replicate recovery results of 200 pg of I from 20-ml buffer 
solutions alone, in the presence of IV, and with 25% of V. The porphyrins 
were also completely extracted from urine according to the described 
ion-pair method with chlorpromazine. 


RESULTS AND DISCUSSION 


The red complexes of hematoporphyrin and protoporphyrin assayed 
by the described method showed adherence to Beer's law. Figure 1 shows 
that a 5 X M concentration of chlorpromazine was necessary for a 
total recovery of the porphyrin a t  a concentration of 3 X 10-5 M (  ratio 
3:500). Figure 2 shows the recovery profile of hematoporphyrin using a 
fixed ratio of 3:500 between porphyrin and chlorpromazine in chloroform 
from buffer solution as a function of pH. At pH 6.5, hematoporphyrin 
was completely extracted; protoporphyrin was completely extracted in 
a wider pH range. 


The extracted species are well defined and the reported method can 
be considered sensitive and accurate. Table I shows that the mean re- 
covery for hematoporphyrin was 99.0-99.270. 


The method can be applied for determining porphyrins in pathological 
urine. 
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COMMUNICA T I 0  NS 


Area under the Plasma Concentration-Time 
Curve Resulting from Constant-Rate 
Drug Input 


Keyphrases 0 Drug infusion-relationship with area under the plasma 
concentration-time curve Equations-relationship between infusion 
equation and area under the plasma concentration-time curve 


To the Editor: 
Plasma concentration-time data obtained from con- 


stant-rate drug input ( i . e . ,  intravenous infusion or con- 
stant-rate absorption) are frequently analyzed by dividing 
the resulting curve into two segments: concentrations 
achieved during and those obtained after stopping the 
infusion. However, equations are available for analyzing 
the entire curve, and computer programs are capable of 
fitting such data to the appropriate equation. Benet (1) 
encouraged use of the equation describing the entire con- 
centration-time curve. This communication reports on the 
relationship between the parameters of an infusion 
equation and the total area under the plasma concentra- 
tion-time curve (AUC,"). 


THEORY 


Assuming, for simplicity, a one-compartment model, the 
equation describing the entire concentration-time curve 
is given by: 


(Eq. 1) 


where F is the fraction of the dose absorbed (F = 1 for in- 
travenous infusion), KO is the constant rate of drug input, 
K is the elimination rate constant, V is the apparent vol- 
ume of distribution, t is the time beginning from the start 
of infusion, and T is the time of infusion (which equals t 
during infusion). In fitting Eq. 1, it will generally appear 
in the form: 


C = ( A ) ( e K T  - l)e-K' 0%. '4 
where A equals FKOIKV. The terms A and K are treated 
as parameters and T is fixed for intravenous infusion. In 
the case of constant-rate drug absorption (e .g . ,  sus- 
tained-release products), T should also be treated as a 
parameter rather than holding it constant a t  some arbi- 
trary value. The solid line shown in Fig. 1 represents 
plasma concentrations resulting from constant-rate drug 
input up to time T and exponential decline in concentra- 
tions at later times. 


The term A in Eq. 2 may be recognized as the steady- 
state plasma concentration (Css) that would be achieved 
if infusion were to continue for a sufficiently long period 
of time. This value is denoted in Fig. 1 as the dashed line. 
The total area under the solid line in Fig. 1 may be shown 
to be equal to: 


(Eq. 3) 


i 
.................................. &-" ___ - - - -  


c- 
C A  


00  .- 
.;C, 
\ 


T 
TIME 


Figure 1-Log-plasma concentration as a function of time during and 
after constant-rate drug infusion (solid line). Drug is infused for a time 
T and results i n  a maximum concentration, CT. The dashed line rep- 
resents the approach to a steady-state plasma concentration, C,,, i f  
infusion were to continue indefinitely. Also, AUCl is the area under the 
curve during infusion and u p  to time T, AUC3 is the  postinfusion area 
f rom t ime  T t o  t ime  m, and AUC2 is the difference between, C,T and 
AUCI. 


where the product FKoT equals the dose absorbed. 


will equal AUCC: 
Therefore, the product of the term A (in Eq. 2 )  and T 


FKoT - AUC," = - - C,,T = AT 
K V  (Eq. 4) 


Equation 4 may also be viewed by considering the geo- 
metric areas indicated in Fig. 1. The total area under the 
curve is equal to: 


AUC," = A U C l +  AUC3 (Eq. 5) 


The calculated AUC," in Eq. 4, AT,  is given by: 


AUC; = A U C l +  AUC2 = C,,T = AT (Eq. 6) 


Since AUCl is common to both Eqs. 5 and 6, AUCz must 
be equal to AUC3. 


AUC2 = C,,T - AUCl 0%. 7) 


The integral in Eq. 8 may be shown to be equal to: 
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FKO (1 - e -KT)  (Eq. 9) 


Placing Eq. 9 into Eq. 8 gives: 


AUCz = 3 (1 - e - K T )  (Es. 10) 


Equation 10 is equal to the plasma concentration at time 
T ,  divided by K :  


KVK 


(Eq. 11) 


This expression may be recognized as being equal to-AUC3 
which is conventionally used to calculate the postinfusion 
area and, therefore, AUC2 = AUC3. 


The' relationship indicated in Eq. 4, that area is the 
product of C,, and T ,  appears not to have been previously 
reported. Furthermore, assuming linear kinetics, this re- 
lationship is model independent. The only difference in 
calculation for multicompartment models is that A UC; 
is the product of T and the sum of all the appropriate 
coefficients (e.g., A + B ,  in a two-compartment model). 


CT AUCz = 


(1) L. Z. Benet, J.  Pharm. Sci., 61,536 (1972). 
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Kinetic Study on Rapid Reaction of 
Trinitrobenzenesulfonate with Human 
Serum Albumin 


Keyphrases Trinitrobenzenesulfonate-kinetics of reaction with 
human serum albumin Kinetics-of reaction of trinitrobenezenesul- 
fonate with human serum albumin 0 Albumin, human serum-kinetics 
of reaction with trinitrobenzenesulfonate 


To the Editor: 


Trinitrobenzenesulfonate (I) has been used as a reagent 
for the chemical modification of amino groups in amino 
acids, peptides, and proteins (1-4). The basic mechanism 
for the reaction of I with amines (11) was proposed previ- 
ously ( 5 ,  6) (Scheme I). The trinitrophenylated I1 (111) 
reacts further with sulfite ion (IV) to form the sulfite mo- 
noadduct (V). It was reported that I11 and V have UV ab- 
sorption maxima at  340 and 420 nm, respectively, giving 
an isosbestic point at 367 nm during the reaction of I11 and 
IV (5, 6). 


The distinction between, and identification of, the drug 
binding sites on human serum albumin were made previ- 
ously by us on the basis of the inhibition of the reaction of 
p -nitrophenyl acetate with the albumin caused by several 
drugs (7). When the albumin was modified with I to 
characterize the drug binding sites, rapid reaction of I with 
the albumin was found. In this communication, we de- 
scribe the localization of the reactive site on the albumin 
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I 
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Scheme I 


for I and the kinetics and mechanism for the reaction. 
All reactions in this study were carried out in pH 7.4, 


0.067 M phosphate buffer ( p  = 0.2, adjusted with sodium 
chloride) a t  25". To localize the reactive site on the albu- 
min for I, the fluorescence spectra of the albumin excited 
at  300 nm were measured1. The intensity of the emission 
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Figure 1-UV absorption spectra. 1,2.5 X M I ;  2,l.O X M 
albumin; 3,2.5 X M I and 1.0 X M albumin; 4,2.5 X M 
I ,  1.0 X l o p 4  M albumin, and 5.0 X 
M I ,  1.0 X M albumin, and 1.0 X M NaHS03. 


M NaHS03; and 5,2.5 X 


RF-510 spectrofluorophotometeer, Shimadzu, Kyoto, Japan. 
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