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RESEARCH ARTICLES 

Programmed Diffusional Release Rate from 
Encapsulated Cosolvent System 

FELIX THEEUWES =, KAZUO ASHIDA*, and TAKERU HIGUCHI 

Abstract The programmed diffusional release rate of an active 
agent through a rate-controlling membrane from a cosolvent sys- 
tem is discussed. At  initial conditions, the drug is present below 
saturation in solution in a solvent mixture, enclosed by the rate- 
controlling membrane; the solvent is composed of the main solvent 
and a cosolvent, which increases the drug solubility in the main 
solvent. During operation, the active agent and cosolvent diffuse 
from the capsule at a rate controlled by the membrane. Equations 
were derived describing the release rate of the active agent as a 
function of the permeability of the cosolvent and agent, the cap- 
sule dimensions, and the system’s initial conditions. A great vari- 
ety of release rate profiles can be programmed from declining to 
increasing delivery rate patterns as a function of time. Experimen- 
tal data are presented for the drug progesterone in solution in cy- 

clohexane with methyl, heptyl, or cetyl alcohol as the cosolvent in 
a polyethylene capsule. The theory qualitatively predicts the ex- 
perimental results. 

Keyphrases 0 Diffusion-progesterone through rate-controlling 
membrane (polyethylene capsule), programmed release rate, cosol- 
vent system 0 Release rate, programmed-progesterone diffusion 
through rate-controlling membrane (polyethylene capsule) 0 Drug 
delivery systems-progesterone diffusion through rate-controlling 
membrane (polyethylene capsule) 0 Membranes, rate controlling- 
polyethylene capsule, progesterone diffusion 0 Progesterone-dif- 
fusion through polyethylene capsule, programmed release rate 
Polyethylene capsule-rate-controlling membrane, progesterone 
diffusion, programmed release rate 

During the past 5 years, considerable effort has 
been undertaken to achieve embodiments of a new 
class of dosage form, specified not by the quantity of 
drug but by the rate and duration of drug release (1). 
Both rate and duration are parameters that should 
be designed to be independent of the body environ- 
ment in which the system is deployed. 

The mechanism of diffusion provides one basis for 
accomplishing this objective. Such systems were dis- 
cussed in detail in a recent review article (2). The re- 
lease patterns are governed by Fick’s law, and differ- 
ent time profiles are obtained, depending on the sys- 
tem design. Important well-known (2) release rate 
profiles are: 
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1. Zero-order release, where the drug is released 
through a membrane of fixed dimensions from a 
source at constant thermodynamic activity. 

2. Release from dispersed systems, where the re- 
lease rate is inversely proportional to the square root 
of time (3,4). 

3. Release from a capsule containing the drug in 
solution where the release rate (drnldt) decreases ex- 
ponentially with time as: 

where A is the membrane area, 1 is the membrane 
thickness, P is the drug permeability through the 
membrane, and Co is the drug concentration at  time t 
= 0 in the capsule. The rate constant, k, is defined as: 

A P  k = -  
Vl 

where V is the capsule volume. 
The three patterns discussed have a time profile 

constant or decreasing with time. In this paper, a sys- 
tem is discussed that can be programmed at  a rate in- 
creasing, constant, or decreasing with time. The sys- 
tem consists of the drug in solution in a mixture of 
two solvents, contained in a capsule composed of a 
polymeric rate-controlling membrane. One of the two 
solvents, the main solvent, does not leave the capsule; 
the second solvent, the cosolvent, permeates through 
the membrane and, in turn, affects the thermody- 
namic activity of the drug in solution while the drug 
concentration continuously decreases. 

In the system described here, the cosolvent was se- 
lected such that the drug solubility increases linearly 
in solution as a function of the cosolvent concentra- 
tion. During the experiment, the capsule was sus- 
pended in the main solvent and the capsule wall 
served as the rate-controlling membrane for the drug 
and cosolvent. 

The model systems studied consisted of a polyeth- 
ylene capsule containing the drug progesterone in a 
solution of cyclohexane as the main solvent and 
methyl, heptyl, or cetyl alcohol as the cosolvent. 

EXPERIMENTAL 

Materials-Progesterone samples' were recrystallized from 
methyl alcohol to yield the crystalline form, mp 128'. All solvents 
were reagent grade and were used as received. 

Solubility-The 37O solubility of progesterone in cyclohexane 
with alcohol as a cosolvent was determined using the solubility 
technique of Higuchi and Connors (5).  Progesterone concentra- 
tions were determined spectrophotometrically a t  232 nm in cyclo- 
hexane. 

Diffusion-The permeability coefficients of progesterone, 
methyl alcohol, heptyl alcohol, and cetyl alcohol from cyclohexane 
through polyethylene into cyclohexane were determined for each 
compound separately. The experiments were carried out in a glass 
diffusion cell with a membrane area of 1.96 cm2. Both sides of the 
cell were magnetically stirred. Polyethylene membranes, with a 
thickness of 5.8 X cm, were used in the permeability experi- 
ments on the pure compound as well as in the cosolvent system 
diffusion experiments. The permeated amounts of progesterone 
were determined spectrophotometrically a t  232 nm in cyclohexane. 
The permeated amounts of cosolvent were determined by GC. 

In the cosolvent diffusion experiments, progesterone was dis- 
solved a t  a known initial concentration, C D ~ ,  smaller than the satu- 

1 Searle Chemicals. 
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Figure 1-Solubility of progesterone in cyclohexane as a func- 
tion of cosoluent (methyl alcohol, heptyl alcohol, and cetyl alco- 
hol) concentration. 

rated value of CDS, in a mixture of cyclohexane and cosolvent at 
concentration Xi. This solution was sealed into a polyethylene 
capsule and suspended in the first of a series of volumetric flasks 
containing cyclohexane. The flasks were shaken in a 3 7 O  bath. At  
regular time intervals, the capsule was transferred into a fresh 
flask in the same bath. 

The content of each flask was analyzed, and the amount of pro- 
gesterone released per unit time and area was calculated. The pro- 
gesterone concentration on the downstream side was maintained 
at less than 5% of the concentration on the upstream side. The 
amounts of progesterone released were determined spectrophoto- 
metrically as in the solubility studies. 

RESULTS 

The solubility data of progesterone in the cyclohexane-alcohol 
cosolvent systems are plotted in Fig. 1. A linear solubility curve 
was obtained for the three cosolvents: methyl, heptyl, and cetyl al- 
cohols. The intercept and initial slope were the same for the three 
cosolvents, and the curve can be represented by a single straight 
line: 

CDS = CDSO + BX iEq. 3) 

where CDS is the progesterone solubility in the system with X as 
the cosolvent concentration in moles per liter, CDSO is the proges- 
terone solubility in cyclohexane equal to 0.025 molehiter, and B = 
0.15 (moles per liter of progesterone/moles per liter of cosolvent) is 
the slope of the solubility curve. 

The permeability coefficients for progesterone (PO) and cosol- 
vents (Px) from cyclohexane through polyethylene are listed in 
Table I. The remaining parameters affecting the release phenome- 

Table I-Experimental Permeability Coefficients through 
Polyethylene from Cyclohexane 

Permeability Coefficient, 
Compound cm2/sec x l o 8  

Pro esterone 3.9 
Met!yl alcohol 5.1 
Heptyl alcohol 1.9 
Cetyl alcohol 0.45 
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Table 11-Initial Progesterone and Cosolvent 
Concentrations and Capsule Dimensions 

Initial 
Concentration 

Pro- Co- 

one, vent, sule Membrane 

Cosolvent liter liter cm cm’ CIl l  

gester- sol- Cap- 

mole/ mole/ um:, Area, Thickness, 
CDi, xi, Vol- 

None 0.026 0 0.5 5.07 5.8 x 10-3 - _ _ _ _  ~ 

Methyl alcohol 0.053 0.50 0.3 3.5 5.8 x lo-’ 
Heptylalcohol 0.053 0.50 0.35 4.0 5.8 x 
Cetyl alcohol 0.053 0.50 0.3 3.7 5.8 x 

non are listed in Table 11, which gives the dimensions of the cap- 
sules and initial concentrations of cosolvent, Xi ,  and progesterone, 
CD;, for each cosolvent experiment. 

In the experiment listed in the first row of Table 11, no cosolvent 
was used and the release rate declined exponentially according to 
Eq. I. The experimental data are collectively presented in Fig. 2, in 
which the release rates are plotted for the cyclohexane and cosol- 
vent systems. In these experiments, the same initial conditions and 
about the same capsule sizes were chosen. As seen earlier, the solu- 
bility curve represented by Eq. 3 is the same for each cosolvent 
system. 

THEORETICAL 

Derivation of Working Equations-In the following calcula- 
tions, i t  is assumed that the cosolvent has no plasticizing effect on 
the membrane and that the cosolvent permeates from the capsule 
at a rate independent of the drug. It also is assumed that concen- 
trations of the drugs and cosolvents in the membrane are in equi- 
librium with the inside and outside of the capsule a t  all times so 
that the bulk concentrations are directly related to the membrane 
surface concentrations* and the membrane can be treated as a thin 
membrane. 

Under steady-state conditions in the membrane, it has been 
shown (6) that the drug permeation rate, dmldt, is proportional to 

0 NO COSOLVENT 

X METHYL ALCOHOL 

A HEPTVL ALCOHOL 
0 CETVL ALCOHOL 

“ 0  5 10 
HOURS 

Figure 2-Experimental release rates of progesterone from poly- 
ethylene capsules, containing cyclohexane as  a primary soluent 
and an alcohol as the cosoluent, into cyclohexane. 

This assumption will only be approximately true as hydrodynamic 
boundaries must be “crossed” at the interfaces (Ref. 7). Given the small per- 
meability coefficients through the membrane and with the assumption that 
partition coefficients 61,  these fluid boundaries would contribute negligibly 
to the diffusional resistance. 

the fraction of saturation for a system obeying Henry’s law: 

where A is the membrane area, 1 is the membrane thickness, and f 
is the transference coefficient (6): 

In Eqs. 4 and 5, CD and CDS are the drug concentration and the 
drug concentration at  saturation, respectively; (dmldt),t is the 
limiting mass permeation rate occurring from a saturated drug so- 
lution. The cosolvent system, progesterone-alcohol, has a saturat- 
ed concentration, CDS, represented by Eq. 3. Hence, Eqs. 4 and 3 
result in: 

Since a steady state is assumed for the cosolvent as well as pro- 
gesterone, Eq. 1 also applies to the cosolvent as long as the cosol- 
vent leaves as an independent species. Thus, the concentration of 
cosolvent can be expressed by: 

X = Xi exp(-k,t) 0%. 7) 

where Xi is the initial cosolvent concentration, and k, is: 

A p X  k, = - 
Vl 

For a capsule volume, V, the relation between the mass, m, of 

m = CDV (Eq. 9) 

drug in solution and drug concentration, CD, is given by: 

Substituting Eqs. 9 and 7 into Eq. 6 results in: 

The drug concentration, CD, a t  each time, t ,  is obtained by inte- 
grating Eq. 10 from t = 0 from the initial drug concentration, C D ~ ,  
to CD: 

The solution to Eq. 11 is given by: 
(Eq. 11) 

(Eq. 12) 
To reduce the size of the expressions, substitute g(t): 

(Eq. 13) 
1 CDSO + BX; exp(-k,t) 

kx  CDSO + BXi 
&(t) = t + -In 

where 
ity and is given by: 

is the transference obtained from the system at  unit activ- 

!F = PDCDso (Eq. 14) 
The final form of the delivery rate obtained from Eqs. 6 and 

12-14 is given by: 

Equation 15 is the general expression for the delivery rate from 
a capsule containing drug in solution in a cosolvent system with a 
linear solubility curve. At t = 0, &(t) reduces to zero and dmldt re- 
duces to Eq. 4 for CD = CD;. At t - a, &(t) - - and dmldt goes 
to zero. At Xi = 0, &(t) is equal to t and Eq. 15 reduces to the sim- 
ple case for a single solvent given by Eq. 1. 

The maximum in the delivery rate is obtained when Eq. 16 
holds: 

d dm z(t>=O 
By differentiating Eq. 15 and equating to zero, the time, tR, at 

which the maximum occurs is found to be: 
1V PxBX; tR=-ln- 

AP, PDCDSO 
(Eq. 17) 
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Figure 3-Theoretical release rates of progesterone from poly- 
ethylene capsules calculated from Eq. 15 for different values of 
cosolvent permeability, Px.  

From Eq. 17, it can be seen that t R  values exist only when 
P,BXi > !l? In other words, if 1" > P,BXi, t R  is negative and no 
maximum exists. In this case, on1 decreasing rates are obtained. 

I t  is notable that, if P,BXi > 3 the condition tR > 0 is indepen- 
dent of the initial drug concentration, C D ~ .  Also, the time depen- 
dency of the rate in Eq. 15 is independent of C D ~  and only the mag- 
nitude of the rate depends on C D ~ .  

As can be seen from Eq. 17, the maximum in the delivery rate 
can be programmed by selecting different cosolvents, in an homol- 
ogous series, affecting mainly the permeability P,. In Eq. 17, P, 
appears both in the nominator and the denominator, resulting in a 
maximum value of tR as a function of P,; t~ i s  shortest for large 
values of P, and increases with smaller P, values to reach a maxi- 
mum tR,max at  P,, before decreasing and becoming negative or 
ceasing to be real. The value P,, at  which the time tR reaches a 
maximum can be obtained by differentiating Eq. 17 with respect 
to P, and equating to zero. The value of P,, is given by Eq. 18 

P,, = e(&) (Eq. 18) 

where e is the base of the natural logarithm. 

substituting Eq. 18 into Eq. 17, resulting in: 
The maximum time tR,,, for a maximum rate is obtained by 

For cosolvent permeabilities P, smaller than P,,, tR,m= de- 
creases to reach the zero value at  the cosolvent permeability P,o 
given by: 

(Eq. 21) 
T P,o = - BXi 

Numerical Calculations-The delivery rate per unit area, 
(1/A) (dmldt), was calculated from Eq. 15 using PD given in Table 
I for an average sized capsule corresponding to Table I1 with V = 
0.3 cm3, A = 3.7 cm2, and 1 = 5.8 X cm; initial conditions are 
C D ~  = 0.053 molebiter and Xi  = 0.50 molebiter. The cosolvent per- 
meability was chosen at  P, = 2.78 X 2.78 X 1.39 X lo-', 
and 2.78 X cm2/sec. The theoretical curves are shown in Fig. 
3. 

Qualitatively, the experimental results of Fig. 2 agree with Fig. 
3. At decreasing permeability of the cosolvent, the maximum in 
delivery rate decreases and shifts toward longer times as predicted 
by Eq. 17. A t  sufficiently low cosolvent permeability, the delivery 
rate decreases continuously and almost linearly with time, and a tR 
does not exist. 

The transference, r, of progesterone through polyethylene sub- 
mersed in cyclohexane is found to be 9.7 X mole/cm sec, and 

W 

0 O O  5 10 
HOURS 

Figure 4-Theoretical release rates of progesterone from poly- 
ethylene capsules calculated from Eq. 15 for different values of 
membrane area for the case satisfying P,BXi > T. 

P. = 2.70 1mS m2 sm-' 

I I 
5 10 

HOURS 
Figure 5-Theoretical release rate of progesterone from polyeth- 
ylene capsules calculated from Eq. 15 for different values of 
membrane area for the case satisfying T > P.BXi. 

the progesterone flux at  saturation, (l/A) (dm/dt),t, is 190 wg/cm2 
hr. This finding indicates, as shown in Figs. 2-4, that a supersatu- 
rated state is produced in situ and that supersaturation can be in- 
duced uia facile equilibrium from the solvent into the membrane 
phase (6). 

The cosolvent permeability, P,,, for the alcohol series was cal- 
culated from Eq. 18 as P,, = 3.5 X cm2/sec, which would re- 
sult in tR,m= = 3.7 hr as calculated from Eq. 20. The cosolvent per- 
meability at which = 0 is calculated from Eq. 21: P,o = 1.3 X 
lo-* cm2/sec. The time at  which the maximum in progesterone de- 
livery rate occurs as a function of the alcohol cosolvent permeabili- 
ty is shown in Fig. 6. The calculations were carried out based on 
the initial experimental condition Xi = 0.5 mole/liter and an aver- 
age sized capsule (Table 11) using Eq. 17. 

The membrane surface to capsule volume ratio of the system is 
very important for programming the device. In Figs. 4 and 5, typi- 
cal fluxes are shown for systems characterized by PD = 3.9 X 
cm2/sec, V = 0.3 cm2, and 1 = 5.8 X cm. Initial concentrations 
are C D ~  = 0.053 molebiter and Xi  = 0.50 molebiter, and the mem- 
brane area was selected to be A = 1,2,3,4, or 5 cm2. 

For Fig. 4, the cosolvent permeability was taken to be P, = 1.39 
X lo-' cm2/sec. A P, of 2.78 X cm2/sec was assumed for Fig. 
5. In Fig. 4, the maximum flux obtained is independent of mem- 
brane area. However, the onset of the maximum in flux occurs a t  
longer times as the membrane area is reduced as predicted by Eq. 
17. At low cosolvent permeability (Fig. 5), the flux becomes rela- 
tively invarient (zero-order rate) as the membrane area is reduced. 

DISCUSSION 

A cosolvent that enhances the drug solubility can be used to for- 
mulate the drug release rate in a controlled fashion. The drug re- 
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Figure 6-Theoretical time at which a maximum in delivery rate 
occurs as calculated from Eq. 17 for progesterone diffusing from a 
polyethylene capsule (Xi = 0.5 mole/liter). 

lease rate from a cosolvent system with linear solubility character- 
istics is described by Eq. 15 as a first approximation. The release 
rate is equal to the product of the limiting rate, initial drug con- 
centration, and a function of time. This time function is dependent 
on capsule dimensions, on drug and cosolvent permeabilities and 
solubility characteristics, and on the initial cosolvent concentra- 
tion. The time function is independent of initial drug loading. The 
time function is flexible and can be programmed into shapes ex- 
hibiting a maximum at  a predetermined time or into a declining 
time pattern. In the limit a t  zero cosolvent concentration, the time 
function reduces to a simple first-order (exponential decay) re- 
lease. 

Different release rate profiles were experimentally produced 
which are in qualitative agreement with the theory. It follows from 
the theory that no maximum is expected in the cetyl alcohol sys- 
tem, which has a P, smaller than P,a for methyl and heptyl alco- 
hols, a maximum is expected a t  3.7 and 2.8 hr, respectively. The 
experimental permeability of heptyl alcohol is smaller than P,, 
and, therefore, the maximum is expected to lie between 0 and 3.7 
hr, the latter time being the maximum time, for maximum rate, ex- 

pected for the system geometry. Experimental t~ times in excess 
of the theoretical maximum were not observed. 

Since the theory as developed does not account for back-diffu- 
sion of cyclohexane, the influence of the cosolvent on membrane 
permeability characteristics, or for drug-cosolvent complexing 
(among other things), deviations can be expected where the mem- 
brane is affected by the presence of the cosolvent or where a strong 
cosolvent-drug interaction exists such that the complex diffuses as 
a separate species. 

The release function predicts the attainment of a metastable, 
supersaturated state under certain tailored system conditions. A 
dosage form so designed could deliver a drug a t  rates exceeding 
those obtained from saturated solutions. During storage, the drug 
would remain in a stable solution state. When applied, a state of 
high thermodynamic activity can be produced in situ in a prepro- 
grammed fashion. 
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Bioavailability of 17 Ampicillin Products 

PHILIP L. WHYATT*, GERALD W. A. SLYWKA, 
ARMEN P. MELIKIAN, and MARVIN C. MEYERx 

Abstract 0 The bioavailability of single lots of 250-mg ampicillin 
capsules, available from 17 distributors and/or manufacturers, was 
determined. Each product was evaluated in terms of the serum 
ampicillin levels achieved at  1, 2,3, 4, 6, and 8 hr postadministra- 
tion, the peak serum levels, the time of peak serum level, and the 
area under the serum level-time curve. There was no statistically 

significant difference (p > 0.05) between any of the 17 products 
tested. 

Keyphrases 0 Ampicillin-bioavailability of 17 products com- 
pared 0 Bioavailability-ampicillin, 17 products compared 0 An- 
tibiotics-ampicillin, bioavailability of 17 products compared 

It is well documented that while simple quantita- 
tive analysis of various drug dosage forms may indi- 
cate essentially identical drug content, the quantity 
of drug absorbed from the dosage form following oral 

administration may differ significantly from product 
to product ( 1 4 ) .  Ampicillin recently was categorized 
as a drug with “moderate risk potential’’ for bioavail- 
ability failures (5). Furthermore, the statement by 
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