
minor contribution of renal clearance to the overall erythromycin elim- 
ination and also to the compensating influcmces of increasing distribution 
volumes with decreasing elimination rate constants, both of which are 
involved in the calrulation of serum clearance. 

DISCUSSION 

The changes in erythromycin elimination characteristics associated 
with the varying renal function observed support previous contentions 
that clearance of this antibiotic from the #circulation is generally not in- 
fluenced markedly by renal impairment (3,4). The regression of @ uersus 
creatinine clearance was described by thi: linear expression y = 0.21 + 
0 .001~  ( r  = +0.74, p < 0.05), which is numerically similar to the expres- 
sion reported previously (4); the linear regression of k,l uersus creatinine 
clearance was described by y = 0.49 + 0 .002~  ( r  = +0.36, p > 0.05). 

The large distribution volumes (Table IV) are consistent with reported 
extensive tissue penetration of erythromycin (7-10). The apparent in- 
crease in distribution with decreasing renal function was possibly due 
to the displacement of this highly protein-bound drug from serum pro- 
teins in renal failure, resulting in a larger proportion of drug distributing 
into extravascular tissues. This phenomenon was demonstrated previ- 
ously for a number of highly protein-bound drugs both in uiuo (11, 12) 
and in uitro (13). Application of this concept to erythromycin needs to 
be verified since protein binding was not measured in the present 
study. 

Although extensive tissue distribution by erythromycin is confirmed 
by the present data, the degree of tissue penetration is probably con- 
siderably underestimated. Drug bound to circulating proteins is not 
immediately available for extravascular distribution and, provided the 
drug is not bound to other tissues, the drug concentration in extravascular 
fluids tends to equilibrate with the concentration of free drug in serum. 
If the distribution volumes are calculated on this basis, and circulating 
drug is assumed to be approximately 90% protein bound (14), then cal- 
culated volumes are approximately 10 times greater than those given in 
Table IV. Since erythromycin is sequestered by certain tissues (7) and 

since there is no information on tissue binding of erythromycin, its true 
distribution volume cannot be calculated with any accuracy. 

Although the calculated distribution volumes in Table IV may be 
underestimates of true values, they are reasonably consistent among 
normal individuals (Subjects 1-3) and may thus provide a basis for cal- 
culating absolute absorption efficiencies from oral doses of erythromycin 
or its salts. 
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Abstract The degradation rate, solubility, and dissolution rate of 
amino penicillins, amoxicillin, ampicillin, epicillin, and cyclacillin, were 
determined quantitatively as a function of pH. In the pH range studied, 
0.30-10.50, the degradation of amoxicillin and epicillin followed 
pseudo-first-order kinetics to give the same type of pH-rate profiles as 
those of ampicillin and cyclacillin. Cyclacillin anhydrate was the most 
soluble, followed i n  order by ampicillin anhydrate, ampicillin trihydrate, 
amoxicillin trihydrate, and epicillin anhydrate. These pH-solubility 
profiles showed U-shaped curves. The dissolution rate constants from 
the rotating disk were analyzed by the simultaneous chemical reaction 

and diffusion models. Their relative bioavailability after a single oral 
administration was assessed from their physicochemical properties de- 
termined in uitro. 

Keyphrases 0 Penicillins, various amino-stability, solubility, and 
dissolution rates, effect of pH 0 Stability-various amino penicillins, 
effect of pH Solubility-various amino penicillins, effect of pH 
Dissolution rates-various amino penicillins, effect of pH 0 Antibacte- 
rials-various amino penicillins, stability, solubility, and dissolution rates, 
effect of pH 

Amphoteric penicillins like ampicillin, amoxicillin, cy- 
clacillin, and epicillin exhibit a broad spectrum of anti- 
bacterial activity, are very acid stable, and are used orally 
(1). After a single equal oral dose, the peak serum con- 
centration was four times higher for cyclacillin (2) and two 

times higher for amoxicillin (3-6) than for ampicillin; the 
peak for epicillin was significantly lower (6). 

The  physicochemical properties and GI membrane 
permeabilities of these amphoteric penicillins may cause 
significant differences in their serum concentrations. An 
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Figure 1-Apparatus for determination of dissolution rates as a 
function of solution pH.  Key: A, thermostated jacket; B, dissolution 
vessel; C ,  glass electrode; D, calomel electrode; E ,  titration buret; F, 
speed-controllable synchronous motor; C, sampling hole; H, rotating 
shaft assembly; and I ,  sample disk. 

enhanced bioavailability of anhydrous ampicillin com- 
pared with the trihydrated product was claimed to be due 
to its greater solubility and dissolution rate in distilled 
water (7). Hou and Poole (8) suggested that the rapid at- 
tainment of a higher serum level of cyclacillin than ampi- 
cillin is related to the difference in their solubilities. A 
reduction of dose water volume from 250 to 25 ml markedly 
decreased the serum amoxicillin level, but the ampicillin 
level was affected only to a small extent (9). This difference 
was explained by the difference in their water solubility 
(9). 

The literature concerning the comparative absorption 
properties of the anhydrate and trihydrate forms of am- 
picillin is conflicting. Recently, Hill et al. (10) suggested 
that ampicillin absorption is not dissolution rate limiting, 
this suggestion being inconsistent with the previous claim 
of Poole et al. (7). 

The objectives of this study were to compare quantita- 
tively the stability, solubility, and dissolution behavior of 
several amphoteric penicillins as a function of solution pH 
and to assess the role of physicochemical properties af- 
fecting their relative bioavailabilities. The degradation 
kinetics (11,12) and pH-dependent solubility (8) of some 
P-lactam antibiotics were studied extensively previously, 
but not those of amoxicillin and epicillin. The kinetics of 
the dissolution of all amino penicillins in the whole pH 
region have not been studied. 

EXPERIMENTAL 

Materials-Ampicillin sodium' (955 pg/mg), ampicillin anhydrate' 
(1015 pglmg), ampicillin trihydrate2 (pure powder), amoxicillin trihy- 
drate3 (850 pg/mg), cyclacillin anhydrate' (999 pg/mg), epicillin sodium2 
(pure powder), and epicillin anhydrate2 (pure powder) were used as 
supplied. 

Takeda Chemical Industries, Osaka, Japan. 
Sankyo Co., Tokyo, Japan. 
Fujisawa Pharmaceutical Co., Osaka, Japan. 
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Figure 2-First-order plots for the degradation of amoxicillin (0) and 
epicillin (0 )  in the buffers of various pH values at  35' and p = 0.5. 

All other chemicals were reagent grade and were used without further 
purification. 

Procedures-pKa Determination-The apparent pKa values of the 
amphoteric penicillins were determined by potentiometric titration (13) 
at  an ionic strength of 0.5 at  35 and 37'. Twenty mililiters of 1.0 X 
M penicillin, adjusted with potassium chloride to a constant ionic 
strength of 0.5, was titrated4 with 0.2 N HCI ( p  = 0.5 with potassium 
chloride) or 0.2 N KOH ( p  = 0.5 with potassium chloride). The apparent 
pKa values of the amphoteric penicillins were computed, from the pH 
change5 and the volume of the titrant added, by the equation of Glasstone 
and Hammel (14). 

The values obtained from at  least three experiments are listed in Tables 
I and 11, where pK1 and pK2 refer to the dissociation of the 3-carboxylic 
acid and a-amino groups, respectively. The value of pK3 for the phenolic 
group of amoxicillin was determined spectrophotometrically (13). The 
calculation was made from the change in absorbance6 at  245 nm for 7.50 
X M amoxicillin, adjusted to 0.5 p with potassium chloride, a t  var- 
ious pH values and 37' to give pK3 = 9.55 f 0.04. 

Solubility-The procedure employed was essentially the same as that 
described by Hou and Poole (8). Excess penicillin powder was added to 
a glass-stoppered flask, followed by addition of 0.5 M KCI aqueous so- 
lution adjusted to the appropriate pH with standard hydrochloric acid 
or potassium hydroxide solution. The flask was placed in a constant- 
temperature bath at  37' and mechanically shaken for 2 hr. A sample was 
taken through a 0.45-pm membrane filter7, the pH value was measured, 
and the sample was assayed after appropriate dilution, if necessary, with 
distilled water. 

Amino penicillins were determined by iodometric titration (1 1) and 
by UV spectrophotometric measurement a t  260 nm for ampicillin and 
amoxicillin and at  250 nm for epicillin. The penicillin concentration was 
calculated from respective calibration curves obtained earlier. 

Determination of Degradation Rates-The kinetic studies of amox- 
icillin and epicillin were carried out in the same way as a similar study 
on ampicillin (11). Degradation was initiated by the addition of a known 
weight of amoxicillin or epicillin sodium to a buffer solution of 0.5 p (with 
potassium chloride), which was preheated to 35', to make a final con- 
centration of 5 X M. When the half-life was more than 1 day, the 
solution was sealed in a 5-ml ampul. 

The residual concentration was analyzed by the iodometric titration 
method described for ampicillin (11). When the solution pH was main- 
tained by means of a pH-stats during the kinetic study, 0.5 M KCI 

Radiometer ABU12b autoburet, Copenhagen, Denmark. 
Radiometer PHM26 pH meter, Copenhagen, Danmark. 
Shimadzu UVZOOS double-beam recording spectrophotometer, Kyoto, 

Ja an. 
?Sartorius membrane filter GmbH, Gottingen, Germany. 

Radiometer pH stat-titrimeter assembly consisting of lTTll titrator, PHM26 
pH meter, and ABUlZb autoburet, Copenhagen, Denmark. 
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Figure 3-plots of the pseudo-first-order rate constant versus total 
citrate buffer concentrations for the degrcidation of amoxicillin a t  35' 
and p = 0.5. Key; 0, p H  2.80; 0, pH 3.13; a, pH 3.80; A, pH 4.23; m, pH 
5.50; and X, pH 6.80. 

aqueous solution cbntaining 1 X M edetate disodium was used. 
Edetate disodium was added to avoid possible heavy metal-catalyzed 
degradation. 

The pseudo-first-order rate constants, kob, were obtained by the 
least-squares method. 

Determination of Dissolution Rates-The procedure for following the 
dissolution from a rotating disk was similar to that of Nogami et  01. (15), 
except for the pH control technique. Figure 1 is a schematic represen- 
tation of the rotating-disk dissolution apparatus. It consists of four main 
parts: the outside water-jacketed beaker maintained a t  37 f O.O5O,  a 
stainless steel rotating shaft, a controllable synchronous motor, and pH 
electrodes. The tip of the titrant delivery tuhe is connected to the pH-stat 
assembly. 

Disks of 200 mg and 1.0-cm diameter were prepared by compression 
of the crystals a t  about 120 kg/cm2 in a compression punch-die assembly. 
When the samples were compressed, phase conversion was not observed 
from their IR spectra. The disk was stuck to the rotating shaft with an 
adhesive. 

The solutions were sampled periodically, followed by the immediate 
addition of the same volume of 0.5 M KCl, preheated to 37O. The samples 
were analyzed by the iodometric method and/or by UV spectrophotom- 
etry. The penicillin concentration dissolved a t  each sampling time was 
corrected for dilution according to: 

1- - - 
- 
- 

- - 
- 
- 

- - 
- 
- 
- 

1 

8 10 0 2 4 6 

(Eq. 1) 

where C:pP and C represent apparent and true concentrations dissolved 
a t  the nth sampling time, respectively; and VT and Vn6 are the volumes 
of bulk solution and of sampling, respectively. 

In most cases, the dissolution medium was recirculated by a peristaltic 
pump through a 1-cm path length flowcell in a double-beam UV spec- 
trophotometefi, and the increase in absorbance a t  260 nm for ampicillin 
and amoxicillin and a t  250 nm for cyclacillin and epicillin was recorded 
to give a continuous plot of the amount dissolved uersus time. 

Determination of Diffusion Coefficient--The method was that em- 
ployed by Goldberg and Higuchi (16). except for the use of a cellulose 
membranes instead of a silver membrane and two 50-ml conical flasks 
instead of two 150-ml flasks. The 0.5 M KCl containing a penicillin (1 X 

M) was placed in one compartment ( A )  up to the stopcock, while 
almost the same volume of 0.5 M KCl was added to the other compart- 
ment (B). The entire cell was then immersed in a constant-temperature 
water bath. 

The solution in Compartment B was stirred with a magnetic stirrer 
and recirculated for the continuous UV determination by the same pro- 
cedure used for the dissolution study. The potassium chloride solution 
was treated to remove air prior to the experiments. 

The cell constant was determined at 30 and 37' using 0.5 M KCl. The 
diffusion coefficient of sulfonamide was determined by this apparatus 
to be 1.28 X cm2/sec, in good agreement with the reported value of 
1.29 X cm2/sec (17). 

Visking Co. 

Degradation Rate-pH Profiles-The kinetics and mechanism of 
the degradation of amphoteric penicillins such as ampicillin (11) and 
cyclacillin (12) were reported previously. At constant pH and with excess 
buffer, the degradation of amoxicillin and epicillin a t  a low concentration 
of 5 X M followed first-order kinetics (Fig. 2). As observed for am- 
picillin and cyclacillin, p-lactam cleavage of amoxicillin and epicillin was 
subjected to general acid-base catalyses. Typical plots of the citrate buffer 
catalytic effect on the rate of amoxicillin are shown in Fig. 3; a straight 
line was obtained a t  every pH. Extrapolation of such plots to zero-buffer 
concentration provides, as the intercepts, the values of pseudo-first-order 
rate constants, kpH, corresponding to the non-buffer-catalyzed degra- 
dation of 8-lactams. The kpH values also were determined by the use of 
a pH-stat. 

The pH dependence curves of kpH of amoxicillin and epicillin are il- 
lustrated in Fig. 4, showing the same shape as those for ampicillin (11) 
and cyclacillin (12). Since there is no break near pK3 of the log k,H-pH 
profile of amoxicillin, the dissociation of the phenolic moiety apparently 
has no effect, as expected, on the B-lactam cleavage. 

The rate expression given in Eq. 2 holds for amoxicillin and epicillin, 
based on the previous claim (12,18) that the reactive species of penicillins 

Table I-Rate Constants for t he  Degradation of Amino 
Penicillins and Dissociation Constants at 35" and = 0.5 

kH, 
Amino M-' 102ko, 103ko', 1 0 - 3 k o ~ ,  

Penicillin hr-I hr-I hr-I M-'hr-' pKlb  pKZb pKaC 

Amoxicillin 1.68 4.19 1.00 1.16 2.63 7.16 9.55 
Ampicillin" 1.82 5.56 0.750 2.57 - -- - 
Epicillin 1.35 2.08 0.969 1.23 2.77 7.17 - 
Cyclacilline 4.61 4.33 2.49 1.10 - - - 

C- Rate constants are defined by Eq. 2 and obtained by the leaat squares analysis. 
The K ,  value used for the calculation was 2.09 X lo-'' at 35' and p = 0.5 (26 ) .  

Determined by the potentiometric method. Determined by the U V  spectro- 
photometric method at 37' and p = 0.5. Values were recalculated according to 
Q. 2 for the data reported by Hou and Poole (11). Values were recalculated ac- 
cording to Eq. 2 for the data reported by Yamana et al. (12). 
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for acid-catalyzed and spontaneous degradations is one with the undis- 
sociated 3-carboxylic acid moiety: 

kpH = (kHaH+ + ko)fA+ + (ko' + kOH'Kw/aH+)(fA* + I A - )  (Eq. 2) 

where k~ and ko are the second-order rate constant for hydrogen-ion- 
catalyzed degradation and the first-order rate constant for spontaneous 
degradation of the cationic species, respectively; ko' and koH' are the first- 
and second-order rate constants for the respective spontaneous and hy- 
droxide-ion-catalyzed degradations of species other than the cationic one, 
respectively; fA+,  fA*, and / A -  represent the mole fractions of the cationic, 
zwitterionic, and anionic species of amphoteric penicillins, respectively 
(Scheme I); and Kw is the autoprotolytic constant. 

Table I lists these rate constants calculated from the least-squares 
analysis of the present data for amoxicillin and epicillin, together with 
the reestimated parameters according to the present kinetic expression 
of Eq. 2 for ampicillin (11) and cyclacillin (12). 

Solubility-pH Profile-The pH-solubility behavior of ampicillin 
and cyclacillin was studied previously in aqueous buffer solution at 25" 
and p = 0.5 (8). For a quantitative comparison of the relative solubility 
of amphoteric penicillins, the pH-apparent solubility profiles were de- 
termined under physiological temperature conditions for these two 
penicillins and also for amoxicillin and epicillin. The results (Fig. 5) in- 
dicate U-shaped pH-solubility curves, with the minimum solubility at 
the pH near the isoelectric point as observed previously (8). 

If the intrinsic solubility of the amphoteric penicillins is due to the 
solubility, Co, of the electrically neutral zwitterion (A* in Scheme I), the 
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Figure 5-Solubility-pH profiles of amino penicillins at 37" and p = 
0.5. The points are experimental values. The solid curves were generated 
from Eq. 3and parameters listed in Table I I .  Key; A, cyclacillin anhy- 
drate; 0, ampicillin anhydrate; 0, ampicillin trihydrate; O, amoxicillin 
trihydrate; and X, epicillin anhydrate. 

total solubility, CT, as a function of the solution pH can be expressed 
as: 

(Eq. 3) 

The Co values estimated from the solubility at the isoelectric point and 
the dissociation constants under the experimental conditions (37" and 
p = 0.5) are listed in Table 11. The values of CO for ampicillin anhydrate, 
its trihydrate, and cyclacillin were in good agreement with those in dis- 
tilled water (10,19,20) (Table 11). The theoretical curves generated from 
Eq. 3 fit reasonably the experimental points for all amino penicillins (Fig. 
5). 

Over the entire pH range investigated, cyclacillin anhydrate was the 
most soluble and epicillin anhydrate exhibited the lowest solubility, with 
a sevenfold difference between them. Amoxicillin trihydrate was one-half 
as soluble as ampicillin trihydrate, which provided an inverse relationship 
in their comparative serum levels after oral administration (3-6). 

The apparent equilibrium solubilities of amoxicillin were determined 
at 20-50'. Classical van't Hoff plots gave a reasonably good linear rela- 
tionship (Fig. 6). The value of the heat of solution was calculated from 
the slope to be 6.2 kcal/mole, being comparable with the 5.4 kcal/mole 
value reported for ampicillin trihydrate (19). 

Dissolution Rates-Kinetics-Figure 7 shows typical plots of the 
concentration, C, of penicillins dissolved uersus time, t . In all cases, these 
plots were reasonably linear a t  an early stage of dissolution, indicating 
that dissolution follows zero-order kinetics: 

(Eq. 4) 

where S is the area of the solid surface exposed to the solvent, V is the 
volume of the bulk solution, and k~ is the dissolution rate constant. As 
shown in Fig. 8, the relationship between the dissolution rate for the unit 

Table 11-Intrinsic Solubilities and Dissociation Constants of 
Amino Penicillins at 37" and p = 0.5 

Molec- Solu- 
ular bility=, Dissociation Constant 

Amino Penicillin Weight 102Co,M pKlb pKzb pKsC 

Amoxicillin trihydrate 419.4 1.30 2.67 7.11 9.55 
Ampicillin anhydrate 349.4 3.97 2.67 6.95 - 

Epicillin anhydrate 351.4 1.20 2.77d 7.17d - 
Cyclacillin anhydrate 341.4 8.90 2.64 7.18 - 

by the UV spectrophotometric method. 

Ampicillin trihydrate 403.4 2.23 - - - 

a Defined by Eq. 3. * Determined by the potentiometric method. Determined 
Determined at 35'. 
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Figure 6-Plots of the solubility of amoxicillin trihydrate in 0.5 M KCl 
versus a reciprocal of absolute temperature. 
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surface area, (dC/d t  )o/S, obtained from the slope of these plots and a 
reciprocal of V from 20 to 200 ml provided straight lines through the 
origin in accordance with Eq. 4. With a constant speed of rotation, disk 
surface area, volume of dissolution medium, and temperature, analyses 
both by the sampling method and the direct flowcell method gave con- 
sistent dissolution rates that  were not influenced significantly by the 
change in the dissolution vessel (Fig. 7). 

When the dissolution rate constants, k;., calculated according to Eq. 
4, in 0.5 M KCI were plotted against the square root of the speed of 
rotation, a good linear relationship was obtained for all antibiotics (Fig. 
9). If these dissolution processes from the rotating disk follow the rate- 
limiting diffusion, the dissolution rate constants can be predicted theo- 
retically as (21): 

kT = 0.620D2/3u-'/6~1/2C0 (Eq. 5 )  

where D is the diffusion coefficient of a drug, u is the kinematic viscosity 
of the dissolution medium, and w is the angular velocity of rotation. With 
Y = 6.99 X cm2/sec (15) and the valutts of CO listed in Table 11, the 
diffusion coefficients of the amino penicillins in 0.5 M KCI can be cal- 
culated from the respective slopes in Fig. 9 according to Eq. 5. The D 
values thus evaluated (Table 111) were in fair agreement with those de- 
termined from the diffusion cell method (see Experimental). The present 
value for ampicillin was close to D (25') = 4.58 X cm/sec reported 
by Padfield and Kellaway (22). 

These results strongly indicate that the dissolution of amphoteric 
penicillins into neutral pH solution is essentially controlled by diffusion 
of their zwitterionic molecules saturated near the surface of the disk. 

N 
---c - -a-- - - - 
I I 

10 20 30 40 
MI NU TES 

Figure 'I---lIissolution o f  amino penicillins into 0.5 M KCl at 228 rpm 
and 37" using the rotating-disk method. Key: cyclacillin anhydrate, I ;  
ampicillin anhydrate, 11; ampicillin trihydrate, 111; amoxicillin trihy- 
drate, IV; 0 ,  analyzed by iodometry; and A, analyzed by UV spectro- 
photometry. Dotted lines represent the results from the continuous UV 
determination by means o f  the flowcell. 

Ttv. mi-' 

Figure 8-Plots of the dissolution rate of  amoxicillin trthydrate ( o ) ,  
ampicillin trihydrate (a), and ampicillin anhydrate (0) ,from the unit 
surlace area, (dC/dt)o/S, versus the reciprocal of the uolume of the 
dissolution medium at 228 rpm,  37', and p = 0.5. 

Theoretical Consideration of pH-Dependent Dissolution Rate- 
Dissolution rate constants, kT, were determined as a function of the bulk 
solution pH a t  228 rpm, 37', and p = 0.5 (Fig. 10). The dissolution rate 
constants increased linearly in an acidic medium below pH 3. Beyond 
this pH, the rate constants were invariable for every penicillin. These 
phenomena are consistent with the results obtained for ampicillin by Hill 
et al. (lo), who reported that the intrinsic dissolution rates were 10 times 
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Figure 9-Effect of stirring speed, 6, on the dissolution rate ()/amino 
penicillins i n  0.5 M KCl at 37". Key: A, cyclacillin anhydrate; 0. arn- 
picillin anhydrate; 0 ,  ampicillin trihydrate; 0, amoxicillin trihydrate; 
and X. epicillin anhydrate. 
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Table 111-Theoretical Equations a for the Dissolution Rate  Constants at 228 rpm and Diffusion Coefficients of Amino Penicillins at 
37" and u = 0.5 

Amino Penicillin 
Theoretical Equations*, kT (theor.), 

M cm/sec 

Diffusion Coefficients, 
106 x D, cm2/sec 

Dissolution Diffusion 
Ratec Celld 

Amoxicillin trihydrate 7.03 x 10-3(aH+)h + 2.58 x + 1.41 x IO-'(UoH-)h 4.84 3.71 

Ampicillin trihydrate 1.03 x IO-'(aH+)h + 5.22 x t 1.29 x 10-2(aoH-)h 6.20 4.60 
Epicillin anhydrate 7.05 x 10-3(aH+)h + 1.90 x + 1.58 x 10-'(aoH-)h 3.45 4.60 

Ampicillin anhydrate 1.16 x 10-'(aH+)h + 7.29 x + 1.46 x 10-'(aoH-)h 4.31 -4.57 

Cyclacillin anhydrate 1.41 x 10-'(aH+)h + 1.66 x t 1.45 x lO-'(aoH-)h 4.41 4.54 

Equation 6. * Calculated from Eqs. 6 and 7 with the parameters listed in Tables I1 and 111 and those cited in the text. Determined in 0.5 M KC1 and used for the cal- 
culation of Eqs. 6 and 7. Determined in 0.5 M KCI by means of the diffusion cell apparatus described in the text. 

faster in 0.053 N HCl than in distilled water. The rank order of dissolution 
rates among penicillins was similar to that of their solubilities, but there 
was a clear difference in the shapes between these two pH profiles. 

The complicated and pH-dependent dissolution behavior of ampho- 
teric penicillins can be interpreted by the diffusion layer theory, predicted 
in terms of: (a )  drug transfer from a nondisintegrated disk to an aqueous 
diffusion layer saturated with the drug, ( 6 )  transfer of the drug from the 
diffusion layer to the bulk medium, and (c) back-diffusion of hydrogen 
and hydroxide ions and rapid dissociation equilibrium. Scheme I1 de- 
scribes qualitatively the steady-state situation of these dissolution pro- 
cesses. The theory leads to Eq. 6 for the steady-state dissolution rate 
constants of amphoteric penicillins under the sink conditions (see Ap- 
pendix): 

where h is the diffusion layer thickness, D's are the diffusion coefficients 
of species indicated by the subscripts, and (aA+)h and (aOH-)h are the 
hydrogen-ion and hydroxide-ion activities, respectively, in the bulk so- 
lution. The effective diffusion boundary layer thickness, h, may be 
written as (21): 

h = 1,612D1/3~1/6~-1/2 (Eq. 7) 

By assuming DAt = D A i  = DA- and employing DH+ = 4.12 X 
cm2/sec (23), DOH- = 3.43 X loT5 cm2/sec (24,25), K, = 2.38 X (26), 
and the parameters determined in this work (Tables I1 and III), the 
theoretical dissolution rate constants, kT (theor.), for the present ex- 
perimental conditions of 228 rpm, 37O, and p = 0.5 can be derived from 
Eqs. 6 and 7 (Table 111). Theoretical curves generated from these equa- 
tions are illustrated in Fig. 10, indicating a reasonably good agreement 
with the experimental points for every amino penicillin. 

Effect of Ionic Strength, Surfactant, and Temperature-The disso- 
lution rates of amino penicillins were determined in the presence of 
various amounts of potassium chloride. Figure 11 shows that ionic 
strength had almost no effect on the dissolution rates of the trihydrate 
forms of both amoxicillin and ampicillin but that an increase in ionic 
strength markedly decreased the dissolution rate of ampicillin anhy- 
drate. 

The addition of 0.04-0.05 M of surfactants increased the solubility of 
amino penicillins in most cases and tended to increase the dissolution 
rate as a result of solubilization (Table IV). 

The temperature dependence of the dissolution rate constant, k ~ ,  was 
investigated for amoxicillin trihydrate. The Arrhenius plot is shown in 
Fig. 12. The activation energy calculated from the slope was 9.67 kcal/ 
mole. This value is comparable with the 9.09-kcaVmole value determined 

Scheme II-Concentration profiles during dissolution of amino peni- 
cillins into acidic medium ( l e f t )  and alkaline medium (right). 

by Wadke and Reier (27) for ampicillin trihydrate, both energies being 
reasonable for diffusion-controlled dissolution (27) with the respective 
heats of solution of 6.2 and 5.4 kcal/mole. 

DISCUSSION 

The instability of penicillin in acidic solution is well known because 
of the intramolecular attack of the side-chain amide on the p-lactam 
moiety. Introduction of an electron-withdrawing group may be expected 
to reduce such a reaction rate. Since the protonated a-amino group in 
amoxicillin, ampicillin, epicillin, and cyclacillin plays a powerful elec- 
tron-attracting role, these amino penicillins are markedly stable to acids, 
being almost independent of the structure attached to the amino group. 
The half-lives of the amino penicillins studied were essentially identical, 
being 15-20 hr at  pH 2,35O, and I.C = 0.5; the half life of penicillin G was 
only 7 min under similar conditions (28). The present results indicate 
that the extent of the destruction of the o-lactam group of aminopeni- 
cillins in the stomach environment is less significant and does not affect 
their comparative serum levels after oral administration. 

The present kinetic analysis of the dissolution of amino penicillins as 
a function of solution pH supports the mechanism that the transport of 
amino penicillins from the solid surface to the bulk solution is essentially 
followed by the simultaneous diffusion and dissociation-equilibrium 
reaction of the zwitterionic species. The rank order of the dissolution rates 
of five types of amino penicillins was parallel, over the whole pH region, 
to that of their solubilities, as expected from the dissolution theory. The 
serum concentration after a single oral dose with sufficient water de- 
creased in the order of cyclacillin anhydrate > amoxicillin trihydrate > 
ampicillin anhydrate 2 ampicillin trihydrate z epicillin anhydrate (2, 
6); this pattern did not conform to the solubility order of cyclacillin 
anhydrate > ampicillin anhydrate > ampicillin trihydrate > amoxicillin 
trihydrate > epicillin anhydrate. 

8 10 2 4 6 
PH 

Figure 10-Log k r p H  profiles for the dissolution of amino penicillins 
at 228 rpm, 37", and p = 0.5. The points are experimental values. The 
solid curves were generated from the theoretical equations listed in 
Table I l l .  Key: A, cyclacillin anhydrate; 0, ampicillin anhydrate; 0,  
ampicillin trihydrate; 0, amoxicillin trihydrate; and X, epicillin 
anhydrate. 

1064 I Journal of Pharmaceutical Sciences 
Vol. 67, No. 8, August 1978 



U 
D 
E 
. 

86; ,71 6 

". 
0' 

a---* 

4 

- 
2L I I I I t 

0.5 1.0 1.5 2.0 2 .5  
POTASSIUM CHLORIDE, M 

Figure  1 1-Effect of ionic strength on th17 dissolution rate  of ampicillin 
anhydrate  (0). ampicillin t r ihydrate  (a), a n d  amoxicillin t r ihydrate  
(0). 

Above pH 3, the  dissolution rates from the  rotating disks were inde- 
pendent of the p H  of the l d k  solution; below this pH, the rates markedly 
increased with the increased acidity of the solution as  a result of back- 
diffusion of the hydrogen ion toward the solid surface. Accordingly, the  
dissolution of the solids is expected to  be fairly rapid under the  gastric 
pH 1-3 conditions. For example, the  time for 500 mg of a solid amino 
penicillin with a 100-cm2 surface area to dissolve completely in 250 ml 
of water can be assessed from the  present. kinetic results, and  i t  is only 
about 0.5 min a t  pH 1 and about 3-20 min a t  p H  3 under the  GI agitation 
condition close to 55 rpm (29). 

T h e  amino penicillins, once dissolved, .:annot he precipitated a t  any 
par t  of the ti1 tract, even considering the  effect of ionic strength and 
surfactants such a s  bile acid. Naturally, administration of amino peni- 
cillins with a small amount of water may reduce bioavailability. Welling 
et al. (9) demonstrated t h a t  serum ampicillin levels were only slightly 
affected by fluid volumes, while amoxicillin levels were significantly re- 
duced when 500 mg of each antibiotic was given with 25 ml of water 
compared to 250 ml of water. This marked effect on amoxicillin level may 
be related to  the 1.7-fold difference in water solubility between ampicillin 
trihydrate and amoxicillin trihydrate. 

The present results on the stability, soluldity, and dissolution behavior 
of amino penicillins suggest t h a t  the diseolution of all types of amino 
penicillins cannot he a rate-determining r.tep of their absorption when 
they were ingested with sulficient water, so :heir comparative serum levels 
may result from their comparative GI membrane permeability. T h e  

j 0 l  8 h 

L + 
3.0 3.1 3.2 3.3 

I I T X  133 

F i g u r e  12-Plots of the dissolution rule  constants at 228 r p m  of 
amoxicillin trihydrnte in 0.5 M KCl versus a reciprocal of absolute 
temperature. 

T a b l e  IV-Surfactant  Ef fec t  on the Dissolut ion H a t e  Cons tan ts  
at 228 rpm a n d  Solubi l i t ies  of Amino Penici l l ins  a t  37" 

0.04 M Sodium Lauryl 
Sulfate 

Dissolution Dissolution 
-~ 0.04 M Cholic Acid 

Rate, Solubility, Rate, Solubility, 
Amino lo5 kT, 10' co, lo5 k ~ ,  10' co, 

Penicillin M cmlsec M M cmlsec M 
Amoxicillin 2.67 1.6 . .  

Ampicillin anhydrate 9.63" 7.8" 9.00 4.40 
Ampicillin trihydrate 6.59 3.5 5.44 2.63 
EDicillin anhvdrate 3.97 2.0 

trihydrate 

- -. 

Sodium lauryl sulfate (0.05 M I .  

difference in the bioavailability between two different hydrated forms 
of ampicillin, as  observed previously (7) ,  probably results from phar- 
maceutical formulation factors rather than their physicochemical 
properties such a s  solubility and dissolution rate. T h e  conclusion for 
ampicillin is in agreement with the claim of Hill rt al. (10) and with the  
recent in  uiuo observation t h a t  there is no significant difference in bio- 
availability between anhydrous ampicillin and its trihydrate form (10, 
30). 

APPENDIX:  D E R I V A T I O N  OF EQ. 6 

In the acidic region, for the case of A *  (solid) dissolving in the presence 
of QH+,  the  important equilibrium is: 

(Eq. A l )  

T h e  simultaneous chemical reaction and  diffusion model (31) gives the 
following appropriate differential equation: 

T h e  integration of Eq. A2 yields: 

where C i  and C:! are constants. 

comes: 
By applying proper material balance a t  x = h, C I p  = 0 and c', be- 

(Eq. A46) 

Therefore, C ,  is the  dissolution rate of A*. 

yields: 
T o  obtain Cl,  further integration of Eq. A3 from x =: h to .I = 0 

and also, by applying Eq. A l ,  yields: 

Taking the boundary conditions ( A + ) h  = 0,  ( A * ) h  = 0,  and (A*)o = (,'o, 
C1 is reduced to: 

In t h e  basic region, the  important equilibrium is: 

[Eq. AH) 

Similar treatment of the dissolution of zwitterion solid in1.o bulk basic 
solution gives: 
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From Eqs. A7 and A9, the overall rate expression of Eq. 6 can be ob- 
tained. 
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Abstract Aspirin and free salicylic acid were determined in combi- 
nations containing caffeine, phenacetin, salicylamide, and acetaminophen 
by liquid chromatography on poly(methy1 methacrylate) resin. Precision 
and accuracy were f0.6% for aspirin and f 2 %  for salicylic acid, the latter 
at levels corresponding to 0.02% of the aspirin content. 

Keyphrases 0 Aspirin-liquid chromatographic analysis in multi- 
component tablets 0 Salicylic acid-liquid chromatographic analysis 
in multicomponent tablets 0 Liquid chromatography-analyses, aspirin 
and salicylic acid in multicomponent tablets 0 Analgesics-aspirin and 
salicylic acid, liquid chromatographic analyses in multicomponent tab- 
lets 

Of the methods reported for the determination of aspirin 
and salicylic acid in pharmaceutical preparations, rela- 
tively few permit their simultaneous determination. Par- 
tition chromatography combined with spectrophotometric 
measurement has been used for free salicylic acid deter- 
mination in aspirin products (1-3). Direct spectropho- 

tometry (4) and fluorometric methods (5,6) also have been 
used for free salicylic acid determination. 

The simultaneous determination of aspirin and salicylic 
acid has been performed by UV spectrophotometry (7), but 
this method and methods based on IR spectrophotometry 
(8) and nonaqueous titration (9) all lack sensitivity for the 
low levels of salicylic acid present in freshly prepared as- 
pirin tablets. The simultaneous determination of aspirin 
and salicylic acid based on fluorometric or colorimetric 
quantitation has been performed on a continuous-flow 
automated analyzer (10). 

GLC separation of aspirin and salicylic acid was 
achieved on high molecular weight polyethylene glycol 
containing isophthalic acid and supported on glass mi- 
crobeads (11). Salicylic acid eluted after aspirin and 
showed considerable tailing, precluding use of the method 
for free salicylic acid in tablets. The presence of active 
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