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Abstract O The effect of a complexing agent, tetrahydrofuran, on the
diffusion of phenol across a stagnant fluid layer has been studied. At a
given activity of free phenol, the steady-state flux of phenol appearing
in an acceptor phase was greatly enhanced. However, as the fraction of
phenol associated with the complexing agent increased, the flux of phenol
decreased, since the transport was then controlled by the diffusion of the
complex, a larger structure. A mathematical model of simultaneous as-
sociation and diffusion was derived to determine whether the diffusional
behavior of two associating species could be accounted for in terms of the
association equilibrium constant and Fick’s second law. Experimental
results supported the model. It was concluded that the presence of a
complexing agent tends to reduce the rate of diffusion, the effect being
more pronounced at high concentrations of complexing agent.

Keyphrases O0 Phenol—diffusion in a complexing agent, tetrahydro-
furan O Diffusion—phenol in a complexing agent, tetrahydrofuran O

The purpose of this study was to investigate the influ-
ence of complexing agents on the diffusional behavior of
drugs. The ability of most drugs to undergo association
interactions is intrinsically related to their activity, since
most drugs exert their action by complexing to a receptor
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site. Some dosage forms are designed to take advantage of
this associative tendency by using a complexing agent to
increase the solubility of the drug in the formulation (1, 2).
In other cases, complexing agents are used to modify the
dissolution rate of a drug at the site of administration (3,
4), as it is known that the dissolution rate can be greatly
affected by association in the diffusion layer (5).

In a previous study (6), the importance of associative
interaction on mass transport of drugs was exemplified by
the case of simultaneous self-association and diffusion of
phenol through an immobilized layer of isooctane. The
results of this analysis showed that the self-association of
phenol can significantly alter the rate of transport of
phenol. The case of simultaneous complexation and dif-
fusion has also been investigated (7). However, those re-
sults relied on accurate determination of the forward and
reverse rate constants for the associative interaction, pa-
rameters which may prove difficult to obtain. It was also
assumed that for association equilibrium to be attained
within the diffusion layer, it was necessary for the con-
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in Glass Filter
Figure 1—The influence of tetrahydrofuran on the diffusion of phenol through an unstirred layer of isooctane.

centration of the complexing agent to be the same at all
points in the system.

In the present study, the model system used was the
diffusion of phenol from a donor phase solution in isooc-
tane, through a diffusion layer consisting of immobilized
isooctane, into an aqueous receptor phase (Fig. 1). The
complexing agent used was tetrahydrofuran which, as a
cyclic ether, was capable of associating strongly with
phenol via hydrogen bond formation. A mathematical
model of this system was derived to determine whether the
experimental diffusional behavior of the two associating
species could be accounted for in terms of their association
equilibrium constant and Fick’s second law. The derivation
was based on the following assumptions: (a) coupling of
the fluxes of free phenol, free tetrahydrofuran, and the
complex occurs; (b) equilibrium is rapidly attained com-
pared with the rate of diffusion; and (¢) diffusion of each
kind of species is governed by Fick’s laws.

THEORETICAL

A silanized sintered glass filter was used in the experimental portion
of the present investigation to create an immobilized layer of isooctane
between the donor isooctane phase and the receptor aqueous phase, a
procedure described previously (6). The immobilized isooctane layer thus
formed a stagnant diffusion layer. This arrangement allowed both the
phenol and the tetrahydrofuran in the donor isooctane phase to diffuse
across the diffusion layer. The association equilibria which occur in the
donor phase and the diffusion layer are shown in Fig. 1.

The self-association of phenol in isooctane can be described by the
equilibrium (8):

5P, = Pswith K1_5 = 6,300 M~ at 25° (Eq. 1)

where P,, is the concentration of free (monomer) phenol, Pj is the con-
centration of self-associated (pentamer) phenol, and K,_; is the equi-
librium constant for self-association. The equilibrium governing the
association between phenol and tetrahydrofuran is given by:

P+ T =[P — T} with Kgg50c = 32 M1 at 25° (Eq. 2)

where [P — T is the concentration of associated phenol-tetrahydrofuran
species and K ggs0c 18 the equilibrium constant for association of phenol
and tetrahydrofuran in isooctane. The total concentration of phenol in
the presence of tetrahydrofuran is represented by:

Pr=Pn+[P-T]+5P;s (Eq. 3)

The total concentration of tetrahydrofuran is given by:

Tr=T+|[P-T] (Eq. 4)
where T'r is the total concentration of tetrahydrofuran, similarly ex-
pressed. Association in the aqueous phase is assumed to be negligible,
since the concentrations of both phenol and tetrahydrofuran in the
aqueous phase remained low over the duration of the experiment. Under
these conditions, self-association also appears to be negligible!. Applying
Fick’s second law:

o _ e
ot dx2
to each species of phenol present, one obtains:
Pt a2P,, 32P; [P -T|
—=D +5Dy—=+ Dp_r——— Eq.
ot M o2 5 9x2 PoT T g (Eq. 5)

where D is diffusivity, ¢ is time, C is the concentration of a given species,
x is equal to distance, D,, is the diffusivity of free phenol, D5 is the dif-
fusivity of pentamer phenol, and Pr is expressed as molarity of mono-
meric phenol.

Assuming that the association equilibria are established quickly
compared with the rate of diffusion, P5; and [P — T'] can be substituted
in Eq. 3 by the equilibrium expressions:

Ps =K, sP,% (Eq. 6)
[P - T] = KassocTPm (Eq.7)
resulting in:
IPr %P, *#P,,5 *(TP,)
—=D + 5D5K) 5 —— _ —_— .
y My 5K1-5 32 + Dp—7K assoc a2 (Eq. 8)
The second term in Eq. 8 can be reexpressed as:
?(Pr®) 2P, 3P, \2
= 5P, 4 +20 P3| Eg. 9
dx2 ™ 9x2? 0 P dx (Eq. 9)
The third term in Eq. 8 can be reexpressed as:
NTP,) T 2P, oP, 0T
=Pn= mygfml Eq.1
dx? 6x2+T dx2 2 dx ox (Eq. 10)
Also, by substituting Egs. 6 and 7 into Eq. 3:
Pr = Pp + 25K 5P + KassocTPm (Eq. 11)

Taking the derivative of both sides with respect to time one obtains the
expression:
8Pr AP, aP,, P, T

3
Tl 2m 95K, Pt & m cocPm
ot = ar T 2oKroPn T KassoeT57 + KassocPm 5

1 Personal communication, M. Tobin.
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Figure 2—Normalized steady-state concentration profiles in the dif-
fusion layer, at total phenol concentration of 0.1403 M and total tet-
rahydrofuran concentration of 4.76% (v/v) in the donor phase. Key:
(—) free tetrahydrofuran concentration scaled up by a factor of 2.194;

(---v-- ) associated phenol concentration scaled up by a factor of 7.616;

(R ) concentration of free phenol scaled up by a factor of 111.11.

This expression can be rearranged to give:
OPr _ 6P,,,
ot

By substituting Egs. 9, 10, and 12 into Eq. 8 the following is derived:

(1 + 25K 5Pm* + Kagoc T)+Kmoch% (Eq. 12)

Pm [14 25K,-5Pm* + KassocT]

2 2
=DM6 P"'+D5K1_55P 4‘9P’"+20P 3(6 P’")
Ix? ox
2T 62Pm oP,, aT aT
+ P, Ew 2+ T Za—a—-Dp 7K gssoc —K,,ssocpm:%— (Eq. 13)

Equation 13 can be rearranged to produce the following in terms of
monomer phenol only:

8P _
at
2
D aP BP”'+20P 3( ) — KassocPm —— T
32T , 3%Pm 3P T
K aocPr e+ TE 4 92 m
+ Dp-rRusocPm 5 5+ 152 ax ox
(1 + 25K 1 5Pm* + KassocT]
(Eq. 14)

An expression for diffusion of tetrahydrofuran can be derived in a
similar manner. The concéhtration of tetrahydrofuran in associated form
can be calculated using Eq. 15:

[P — T] = KassocTPm (Eq. 15)

By applying Fick’s second law to the species of tetrahydrofuran present,

an expression for flux of tetrahydrofuran across a small distance within

the diffusion layer can be obtained:
aTr 32T 3[P-T)
YT _p Ly pe ettt 1

ot Toxz T a2
By appropriate substitutjon and rearrangement, the following expression
is derived:

BT 02T %P,
[DT + Dp_7K assocPm} + Dp-TK assoc T —2

(Eq. 16)

at ax 2
26P oT _ mmTaP
dx 6 at
(Eq.17)

In view of the great excess of tetrahydrofuran present in all experiments
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Figure 3—Steady-state flux versus activity of phenol (free concen-
tration) in the donor phase. Solid lines represent computer-generated
results. Key: (A) data from experiments in which 4.76% (v/v) tetra-
hydrofuran was used; (@) data from experiments in which an ap-
proximately 2:1 ratio of tetrahydrofuran to phenol was used; (W) control
experiments in which no tetrahydrofuran was used.

in which this complexing agent was used and also the magnitude of the
association constant between phenol and tetrahydrofuran, it is reasonable
to assume that the self-association of phenol was negligible in these ex-
periments. For example, at T7 = 0.5872 M and Pr = 0.1403 M, [Ps] =
37X 1077 M.

Neglecting the contribution of the pentamer allowed the terms for
diffusion of the self-associated species to be omitted. Eq. 13 is then
simplified to give the following expression:

9P _ aP T

at assocT] + DP TKnssoch x?
P, oT aT
+ 2 ax 3_ - assoch E

Eq. 1
(1 + KasocT] (Eq. 18)

Since Eq. 18 is in the same form as Eq. 17, these two interdependent
equations can then be solved simultaneously to determine the concen-
tration profiles of phenol and tetrahydrofuran in the diffusion layer at
a given time. Owing to the complexity of the equations involved, it was
convenient to use numerical methods to obtain the required solutions.
The computer program, based on the approaches described previously
(9), used an implicit method of solution of differential equations of similar
form. Approximate algebraic expressions, written on the (n + 1) time
step, were found by applying the central difference approximation to the
derivative term which were thus converted to finite difference expres-
sions. Equations 17 and 18 are nonlinear and coupled equations. To li-
nearize and effectively decouple the equations, the following approxi-
mations were used for Eq. 17:

62Pm - Pn,i—l - 2Pn,i + Pn,i+1
T: x? = Ax? Tn+l,i
0P 0T _ Pri— Pri—1 Tny1i = Tasriza
dx Jx Ax Ax
Ti = Tosri P‘_AI:L“

Analogous approximations were made for the equivalent expressions
in the equation governing phenol transport (Eq. 18). Since the tetrahy-
drofuran concentration profile was solved first for a given time step, the
current values of T, ; were retained rather than substituting those from
the previous time step:

Tn+ 10— Tn,i
At

From these expressions, it can be seen that the dependent variable on
which the equation was written, e.g., T in Eq. 17, was always taken to be
the variable on which the terms were written implicitly. This effectively
decoupled Egs. 17 and 18, allowing them to be solved separately as sets
of linear algebraic expressions to give the concentration profiles for phenol
and tetrahydrofuran in the diffusion layer at a given time.

aT
PP =P,y
at L
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Figure 4—Steady-state flux versus concentration of associated phenol
in the donor phase for experiments in which 4.76% (v/v) tetrahydro-
furan was used. Key: (M) the experimental data and (—) the com-
puter-generated results. For experiments in which an approximate 2:1
ratio of tetrahydrofuran to phenol was used; (®) the experimental data
and (---) joins computer-generated data points. Standard deviations
for experimental data are incorporated into the size of the symbol.

It should be noted that the sets of linearized decoupled equations for
Eqs. 17 and 18 can be solved iteratively for T44} and PZ4, such that the
Jth solution of the two sets of equations allows for the more accurate
approximations of the nonlinear portions of the expressions. However,
by choosing sufficiently small values of ¢, the assumed and calculated
values of the derivatives differed only by a tolerably small amount after
the first iteration, and therefore, iterative solutions were not required.

The coefficients of the set of linear equations for tetrahydrofuran were
arranged in a matrix and solved by a method equivalent to Gaussian
elimination using the subroutine TRIDAG (9) to give the current diffu-
sion layer concentration profile of tetrahydrofuran. The same method
was then applied to determine current concentrations of phenol in the
diffusion layer.

From the gradients of phenol and tetrahydrofuran concentrations at
the interface between the immobilized isooctane layer and the aqueous
phase, the flux into the aqueous phase and subsequently the cumulative
concentration in the aqueous phase was determined for each species at
successive times. Since the concentrations in the aqueous phase remained
consistently low, sink conditions were applied at the isooctane-aqueous
phase interface for the purpose of calculating flux into the aqueous phase.
This assumption may have introduced some error into the calculated
steady-state flux predictions, especially at the higher donor phase con-
centration of phenol, and into the burst time calculations.

Typical computer-generated concentration profiles within the mem-
brane at steady state are shown in Fig. 2 for donor phase concentrations
of 0.1043 M phenol and 0.5872 M tetrahydrofuran. The gradient of the
free tetrahydrofuran is linear due to the large excess of tetrahydrofuran
present, but the profiles of both the associated and free phenol are non-
linear owing to the association equilibrium with tetrahydrofuran.

EXPERIMENTAL

Materials—Commercially obtained analytical reagent grade phenol?
was fractionally distilled under vacuum to remove the preservative and
other contaminants and then stored under nitrogen in a desiccator.

Tetrahydrofuran?, containing 0.025% butylated hydroxytoluene as a
preservative, was distilled from benzophenone and sodium under ni-
trogen, and then collected over activated 4-A molecular sieves?. Batches
were discarded 4 days after distillation.

Certified ACS isooctane (2,2,4-trimethylpentane)? was used without
further purification.

Diffusion Apparatus and Study—The diffusion apparatus and the
analytical procedure for phenol were described in a previous paper (6).

The cutoff point for tetrahydrofuran in the UV region was 220 nm. It did

2 Mallinckrodt.
3 Fisher Scientific Co.
4 Linde.
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¢
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Figure 5—Burst time versus concentration of phenol in the donor
phase, for experiments in which 4.76% (v/v) tetrahydrofuran was used.
Key: (——) computer-generated results; (W) average values observed:
( I ) ranges observed.

not interfere with the assay of samples for phenol. Three different solu-
tion compositions were used at each concentration of phenol studied:

1. Fifty milliliters of the phenol in isooctane solution plus 2.5 m! of
isooctane were used. Experiments in which solutions of this composition
were used provided control data for comparison with diffusion data from
experiments in which tetrahydrofuran was used.

2. Fifty milliliters of the phenol in isooctane solution, sufficient tet-
rahydrofuran to provide a ratio of ~ 2:1 tetrahydrofuran to phenol, and
2.5 ml (less the volume of tetrahydrofuran used) of isooctane were
used.

3. Fifty milliliters of the phenol in isooctane solution plus 2.5 ml of
tetrahydrofuran were used. The concentration of tetrahydrofuran present
in these solutions was 0.5872 M (4.76% v/v).

The solutions required were prepared and added immediately to the
tube containing the silanized sintered glass filter. Each solution was al-
lowed to equilibrate with the filter for 3 min, enabling an immobilized
layer of solution to be established within the filter. At the end of 3 min,
the lower face of the filter was carefully wiped dry and the tube lowered
into the jacketed beaker containing the aqueous phase, the temperature
of which was maintained at 25°. When overhead and aqueous phase
stirrers were turned on, the study was begun. Samples were taken from
the aqueous phase at convenient times, replacing the volume removed
with distilled, deoxygenated water. At the conclusion of the experiment
the samples were analyzed for phenol. Further experimental details were
presented in a previous study (6).

RESULTS AND DISCUSSION

Diffusion of phenol from the donor isooctane phase, through an im-
mobilized layer of isooctane within the silanized sintered glass filter, into
an aqueous receptor phase was followed by determination of the cumu-
lative concentration of phenol in the aqueous phase at times <300 min.
When tetrahydrofuran was used, it was present initially in both the donor
phase solution and the diffusion layer. It was assumed that the association
equilibrium between phenol and tetrahydrofuran was established in both
the diffusion layer and the donor phase and that all species were capable
of diffusing through the immobilized isooctane layer into the aqueous
phase. For each type of experiment, four runs were made at each of the
five phenol concentrations studied. Steady-state flux was calculated from
the slope of the concentration versus time plot using vaues obtained at
times of 100 min or longer. Runs were rejected if the linear regression
correlation coefficient for the data used to calculate the slope fell below
0.999, to minimize variation in the steady-state flux and burst time
values.

Steady-State Flux—When simultaneous association and diffusion
occur, the rate of diffusion may increase, decrease, or remain the same.
The change in the diffusion rate depends on the size of the associated
species formed, its ability to penetrate or partition into the diffusion layer,
and the extent to which complexation occurs.

Figure 3 shows a plot of steady-state flux versus concentration of free
phenol (defined as activity) present in the donor phase. In the control
experiments, there was a positive deviation from linearity at high phenol
activities. This was accounted for by the contribution of the diffusion of
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Table I—Concentrations of Various Species in Solution at Given Total Concentrations of Phenol and Tetrahydrofuran (Molar)

(Tl [Pr] P 5 Ps [P-T] [T} {Tr):[Pr]
0.5872 0.0233 0.0012 8.5x 10°11 0.0220 0.5651 -
0.5872 0.0461 0.0025 3.0x107° 0.0436 0.5435 -
0.5872 0.1034 0.0062 29X 1077 0.0972 0.4900 -
0.5872 0.1403 0.0090 1.9% 1076 0.1313 0.4559 -
0.5872 0.2130 0.0158 3.3 10°% 0.1988 0.3900 -
0.0534 0.0233 0.0102 3.5 X 10°6 0.0131 0.04026 2.29
0.1100 0.0461 0.0133 1.3 x 1075 0.0328 0.0772 2.39
0.2460 0.1034 0.0170 4.5X 10°% 0.0867 0.1493 2.39
0.3160 0.1403 0.0193 8.4 X 10~° 0.1206 0.1954 2.25
0.4834 0.2130 0.0207 1.2 X104 0.1926 0.2908 2.27

the self-associated pentameric phenol to the overall rate of flux. In the
presence of tetrahydrofuran, the steady-state flux at a given activity of
phenol was greatly enhanced. The effect was more pronounced when
4.76% (v/v) tetrahydrofuran was present than when a 2:1 ratio of tetra-
hydrofuran to phenol was added. In both cases the increase in steady-
state flux could be attributed to diffusion of the phenol-tetrahydrofu-
ran-associated species. When 4.76% (v/v) tetrahydrofuran was used, the
extent of association was greater owing to the larger excess of complexing
agent present. This led to a greater enhancement of the steady-state flux
values than observed for the 2:1 excess experiments, in which a significant
proportion of phenol present remained unassociated.

In the 4.76% (v/v) tetrahydrofuran experiments, almost all of the
phenol was expected to be associated with tetrahydrofuran (Table I).
Therefore, the steady-state flux was expected to have an approximately
linear relationship to the concentration of associated species present as
shown in Fig. 4. Except at the highest concentration of phenol, the 4.76%
(v/v) tetrahydrofuran data fall along a straight line within experimental
error. This deviation at the higher donor phase phenol concentrations
may arise from changes in the composition of the neighborhood of mol-
ecules surrounding each molecule. Since the theoretical development does
not account for changes in the activity coefficient of the free phenol, a
deviation of this nature is not surprising.

For a given concentration of associated phenol, a higher steady-state
flux was predicted and observed when a 2:1 ratio of tetrahydrofuran to
phenol was used than when 4.76% (v/v) tetrahydrofuran was present. This
result was accounted for by the following model. In the 4.76% (v/v) tet-
rahydrofuran experiments virtually all flux was due to diffusion of the
associated species. However, in the 2:1 ratio experiments, a significant
proportion of phenol was present as free phenol. Since free phenol was
able to diffuse across the immobilized isooctane layer at a faster rate than
that of the larger associated species, it was able to contribute significantly
to the overall flux into the aqueous phase. This resulted in a larger
steady-state flux than would be predicted by considering only the con-
tribution of the associated phenol. The differences in the steady-state
flux data were most pronounced at low total concentrations of phenol.
At those concentrations, the disparity in percentage of phenol present
in unassociated form was also greatest (Table I), supporting the argu-
ments derived from the model.

Overal), the steady-state flux resuits showed that for a system in which
the associated species can penetrate the diffusion layer, the flux for a
given total concentration of drug decreases as the concentration of
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Figure 6—Burst time versus concentration of phenol in the donor phase

for experiments in which an approximate 2:1 ratio of tetrahydrofuran

of phenol was used. Key: (- ) computer-generated results; (®) ex-
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complexing agent present increases. This is accounted for by the lower
diffusivity of the larger associated species.

Transient Behavior (Burst Time)—As for the more commonly re-
ported time lag, the burst time is inversely proportional to the diffusivity
of the diffusing species. When diffusion of one species accounts for the
entire flux observed, the burst time is related to the diffusivity of that
species. In such cases, the burst time is independent of the donor phase
concentration of the diffusing species.

Figure 5 shows the plot of burst time versus concentration of phenol
in the donor phase in the presence of 4.76% (v/v) tetrahydrofuran. Burst
time was calculated by extrapolating the steady-state portion of the
concentration versus time plot back to zero concentration. Although there
is considerable scatter in the results, the burst time was essentially in-
dependent of concentration, indicating that one species accounted for
most of the mass transport observed. The excess of tetrahydrofuran was
large enough in these experiments to ensure that virtually all phenol
(93-98%) present was associated with tetrahydrofuran. It was proposed,
therefore, that the diffusion of the associated species accounted for the
greater fraction of the flux. The large value for the burst time observed
in the 4.76% tetrahydrofuran experiments supported this proposal. Since
large molecules have lower diffusivities, burst time tends to increase with
molecular size. The average burst time observed in these experiments
was ~90 min. This time was much greater than the burst time of ~35 min
which was calculated for a diffusion system in which only monomer
phenol was present (6).

Figure 6 depicts the burst time versus the donor phase concentration
data for experiments in which a 2:1 ratio of tetrahydrofuran to phenol
was used. The theory predicted that the burst time would be shorter at
low donor phase phenol concentrations, since in those cases the per-
centage of phenol in the associated form was considerably lower than at
high phenol concentrations (Table I). The smaller free phenol molecules
were able to diffuse faster than the associated species so that when free
phenol was present in significant quantities, the system came to steady
state more rapidly and exhibited a shorter burst time. The observed burst
times were similar to the predicted relationship. However, the effects were
magnified somewhat.

The failure of the numerical solution of the derived equations to predict
exactly the overall burst time was probably due partly to the boundary
condition used for the aqueous phase-diffusion layer interface in the
computer program (i.e., sink conditions) and partly to an artifact of the
experimental method. As in the phenol experiments described previously
(7}, small amounts of phenol on the lower face of the sintered glass filter
may have been released immediately upon contact with the aqueous
phase. This would result in high values for cumulative concentration in
the aqueous phase and higher burst times than predicted. Build-up of
tetrahydrofuran in the aqueous phase may also have affected partitioning
of phenol between the diffusion layer and the aqueous phase, which would
again alter the concentration of phenol attained in the aqueous phase.

Despite the great reduction in activity of phenol caused by the addition
of a complexing agent, the overall transport rate of phenol for a given total
concentration of phenol was almost as fast as in a complexing agent-free
system. This consistency in transport rates was attributed to the ability
of the associated tetrahydrofuran-phenol complex to form in and diffuse
through the diffusion layer. A set of equations derived in terms of readily
obtainable parameters were found to adequately account for all the data
except that obtained at high concentration of phenol. Thus, it was pos-
sible to explain the seemingly complicated relationship between
steady-state flux diffusional behavior and donor-phase concentration
of phenol in the presence of a codiffusing species using the familiar con-
cept of associative interactions.

In the system studied, all species formed were capable of penetrating
the diffusion layer. Comparing the results of the 4.76% (v/v) tetrahy-
drofuran and the twofold excess tetrahydrofuran experiments, it appears



that the excessive use of an excipient capable of complexing with a drug
could result in a markedly reduced rate of delivery of that drug by si-
multaneously lowering the drug’s activity and apparent diffusivity. Al-
though such an effect is undesirable in most circumstances, it may be
possible to use this effect to advantage in the design of slow-release
preparations.
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Abstract O Theoretical and experimental analyses demonstrate that
a hemispheric polymer-drug matrix laminated with an impermeable
coating, except for an exposed cavity in the center face, can be used to
achieve zero-order release kinetics. Hemispheric systems for low mo-
lecular weight drugs were prepared by heating and compressing poly-
ethylene and drug (sodium salicylate) in a brass mold. Hemispheric
systems for high molecular weight drugs were prepared by casting eth-
ylene-vinyl acetate copolymer and protein in a hemispheric mold at —80°,
followed hy a two-step drying procedure (—20 and 20°). In both systems,
cavities were made in the center face of the hemispheres and the re-
mainder of the matrices coated with an impermeable material. Zero-order
release for 60 days at a rate of 0.5 mg/day was achieved from polymer
matrices containing bovine serum albumin (mol. wt. 68,000).

Keyphrases O Drug delivery system—zero-order controlled-release
polymer matrices, micro- and macromolecules O Controlled-release
delivery—zero-order, polymer matrices, micro- and macromolecules O
Polymers—matrices, zero-order controlled-release, micro- and macro-
molecules O Sustained-release delivery—zero-order controlled-release
polymer matrices, micro- and macromolecules

Diffusion-controlled matrix devices have been among
the most widely used drug delivery systems, but a disad-
vantage frequently cited is their inability to achieve zero-
order release kinetics (1-3). Most matrix devices have been
designed in the form of a rectangular slab, and it has been
observed that the cumulative release of drug is inversely
proportional to the square root of time (4-8).

One possible means of altering release kinetics from
matrix systems is to vary the matrix geometry. The influ-
ence of shape on kinetics of drug release from matrix tab-
lets in spherical, cylindrical, and biconvex shapes has been
evaluated (9, 10). It was predicted (11) that a matrix in the
shape of a sector of a right circular cylinder would release
drug at a zero-order rate. This analysis was more critically
evaluated, and it was found that true zero-order kinetics
were not achieved in practical cases but that this shape
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resulted in release rates that were initially high and then
began to approach, but not achieve, linearity (12). A lim-
itation cited in both studies was the need for effective
procedures to fabricate these delivery systems and the
requirement for further experimental testing.

In a previous study, a theoretical analysis suggested that
a hemisphere with all portions laminated with an imper-
meable coating, except for a small cavity cut into the center
of the flat surface, could achieve zero-order release kinetics
(13).

In the present study, experimental results have been
obtained that provide support for the theoretical analysis.
Two types of fabrication procedures are presented here to
demonstrate that the hemisphere design is universally
suitable for either low or high molecular weight drugs.

THEORETICAL

Assuming that the drug is released from a solid matrix device by dif-
fusion, a steady-state condition exists, and the area for mass transport,
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Figure 1—Diagram of an inwardly-releasing hemisphere; a; is the inner
radius, a, is the outer radius, and R is the distance to the interface be-
tween the dissolved region (white area) and the dispersed zone (diagonal
lines). Black represents laminated regions through which release cannot
oceur.
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