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The swelling Kinetics of polybasic gels consisting of copolymers of
methyl methacrylate and dimethylaminoethyl methacrylate are stud-
ied in solutions at various acidic pH values, with monoacidic deriv-
atives of acetic acid added as buffers. The effects of solution pH, as
well as buffer pK, and concentration, on swelling rate are assessed.
Gel swelling rate shows a nearly linear dependence on the concen-
tration of nonionized buffer in the solution, as determined by the
Henderson-Hasselbach equation. This result is explained in terms
of the increased availability of protons that are carried by the
nonionized buffer to bare amines on the gel. In fact, the so-called pH
sensitivity of these gels, under these conditions, can be attributed
mainly to the effect of pH on the nonionized buffer concentration. A
practical consequence is that these gels may not reliably mediate
pH-sensitive swelling-controlled release in oral applications, since
the levels of buffer acids in the stomach (where swelling and release
are expected to occur) generally cannot be controlled. However, the
gels may be useful as mediators of pH-triggered release when pre-
cise rate control is of secondary importance.

KEY WORDS: hydrogels; polyelectrolyte gels; swelling kinetics;
pH sensitive; buffer effects; drug delivery.

INTRODUCTION

The pH-dependent aqueous swelling properties of poly-
electrolyte networks, or gels, is of considerable interest
since these materials may be applicable as mediators of en-
vironmentally controlled solute release (1-8). Inasmuch as
the human body contains regions characterized by differing
pH values, one can consider such gels for pH-sensitive drug
release. In addition, local pH changes can be generated en-
zymatically in response to specific substrates, and this can
be utilized as a method for modulating drug release (9-13).

Optimal utilization of pH-sensitive polymer gels re-
quires an understanding of factors affecting their swelling
rates. As in neutral polymers, one must consider the pro-
cesses of solvent/polymer interdiffusion as well as polymer
relaxation (14-19). However, due to the presence of fixed
ionizable groups on the gel, ion exchange and diffusion pro-
cesses may also be important (10,19-22). It has long been
known that weak polyelectrolyte gels undergo changes in
their equilibrium swelling state in response to changes in pH
and ionic strength (23-25). In many studies, the aqueous
solutions contain strong electrolytes (i.e., mineral acids,
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bases, salts), while in other studies a weak electrolyte buffer
is added to stabilize solution pH. It is usually assumed that
the important characteristics of the aqueous solution govern-
ing polymer response are the pH and ionic strength, with
little consideration given to the explicit electrolyte compo-
sition of the solution.

In previous studies of weak cationic gels consisting of
poly(methyl methacrylate-co-N,N-dimethylaminoethyl
methacrylate), we observed that the nature of the buffer has
a profound effect on both swelling equilibria (3,26) and swell-
ing rates (27). Specifically, swelling in solutions buffered by
weak organic acids may take place over periods of hours,
whereas swelling in unbuffered media sometimes requires
weeks or months to reach equilibrium. The latter can occur
even though the equilibrium degree of swelling is higher for
the unbuffered case than the buffered case. The possibility
that the buffer might be acting as a plasticizing agent in the
gel was ruled out, because swelling in unbuffered media in
the presence of neutral organic analogues similar in structure
to the organic buffers was no faster than the swelling in the
absence of the analogues (27).

To explain the seemingly anomolous results regarding
the effect of buffers on swelling, a ‘‘shuttle’” mechanism was
proposed, whereby hydrogen ions are transported as part of
the acid form of the buffer from the outer solution to the
unionized amine groups attached to the gel network (27).
This mechanism predicts that an increase in the concentra-
tion of the acid form of the buffer should lead to an increased
swelling rate. In the present paper we test this hypothesis
using a series of monoacidic carboxylate buffers.

As a starting point, we rearrange the well-known Hend-
erson-Hasselbach equation (28) to obtain an equation relat-
ing the nonionized (acid form) buffer concentration, C,y, to
the total buffer concentration, C, , the log acidity constant
(pK,) of the buffer, and the solution pH:

Car
Ca = [ jgeR Pk W

By varying C, 1, pK,, and pH systematically, we can ascer-
tain the effect of C,py on swelling rates, with ionic strength
held constant.

MATERIALS AND METHODS

Methyl methacrylate (MMA) and N,N dimethylamino-
ethyl methacrylate (DMA), obtained from Polysciences,
Inc., and divinyl benzene (DVB), obtained from Pfaltz and
Bauer, Inc., were vacuum distilled. 2,2’-Azobisisobutyroni-
trile (AIBN), from Polysciences, was recrystallized from wa-
ter/ethanol. Certified ACS-grade methanol and sodium chlo-
ride were obtained from Fisher Scientific. Glacial acetic acid
(HAc) was obtained from Mallinckrodt, Inc. Methoxyacetic
acid (MeOHACc) and chloroacetic acid (CIHAc) were ob-
tained from Aldrich Chemical Co. Water used in all experi-
ments was double distilled and deionized.

Preparation methods have been described elsewhere in
detail (3-5,27). The comonomers MMA and DMA, at the
ratio 70/30 mol%, were mixed with the cross-linker DVB
(0.01%, w/w) and the initiator AIBN (0.5%, w/w). The mix-
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ture was degassed and injected between two silanized glass
plates separated by a 0.38-mm-thick Teflon spacer. Polymer-
ization was induced by incubation for 18 hr under argon at
60°C. After polymerization the resulting gel sheet was sep-
arated from the glass and punched into 11-mm-diameter
disks. The disks were swollen for 2 days in methanol to
extract the sol fraction and unreacted monomers, initiator,
and cross-linker. Methanol was exchanged several times
during this period. The disks were then placed in 50/50 (v/v)
methanol/water overnight. Finally, the gels were air-dried at
room temperature for 24 hr and then vacuum-dried at 50°C
for another 24 hr. The resulting disk thicknesses varied be-
tween 0.33 and 0.37 mm as determined by a micrometer.

Swelling kinetics of the copolymer gels were measured
in solutions of specified pH and buffer concentration in so-
lutions buffered by HAc, MeOHAc, or CIHAc. Ionic
strength (/) was set at 0.1 M by the addition of NaCl. The
amount of NaCl to be added was determined by the differ-
ence between 0.1 M and the ionized buffer concentration,
Ca1 — Can, With C,y calculated using Eq. (1). At = 0.1
M the pK,’s for HAc, MeOHAc, and CIHACc are 4.62, 3.42,
and 2.74, respectively. These number were calculated by
correcting the infinite dilution pK, values for these buffers
by a Debye-Huckel activity term (—0.12 at I = 0.1 M) (28).

Copolymer disks in duplicate were placed into baskets
made from plastic centrifuge tubes with holes drilled in
them, which were placed into 2-L Erlenmyer flasks contain-
ing 2000 ml buffer solution. Temperature was maintained
constant at 25°C with a circulator. Vigorous stirring (>300
rpm) was provided by a magnetic stir bar. We have previ-
ously shown that this rate is sufficient to prevent significant
boundary layer effects on swelling (4,27). Sorption was fol-
lowed by periodically removing the disks, blotting excess
surface water, and weighing. pH was then adjusted when
necessary to the original value by the addition of appropriate
amounts of HCI or NaOH.

RESULTS

According to Eq. (1), the nonionized buffer (acid form)
concentration can be controlled by varying the buffer pK,,
the total buffer concentration C,¢, or the solution pH.
Hence we have performed swelling experiments in which
these parameters were varied individually. Table I lists the
various solution conditions under which swelling experi-
ments were performed. Buffer concentrations ranged be-
tween 0.01 and 0.063 M. The solution pH was varied be-
tween 2.5 and 4.0. Also listed in Table I are the buffer frac-
tions in the conjugate acid form, C,u/C, 1, as well as the
nonionized buffer concentration, C 4.

Figures 1-3 display typical swelling curves at I = 0.1 M
obtained for various solution conditions. Data are displayed
as the swelling ratio (), defined as the mass of water in the
gel at time ¢, divided by the initial mass of the dry polymer.
Figure 1 shows a typical set of swelling curves, measured at
pH 3.0 and total buffer concentration C, = 0.02 M, but
with different buffers. Swelling is fastest for HAc, followed
by MeOHAc and CIHAc. Thus swelling rate increases with
increases pK,. Figure 2 shows swelling curves, measured at
pH 3.5 in HAc buffer at different concentrations C, . Here
swelling rate increases with C , 1. Finally, in Fig. 3 release is
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Table 1. Buffer Conditions for Swelling Experiments®
Buffer Cay/ R = 10%
aCid pH CA,T CA,T CAH taccel taccel
HAc
(pK, =462) 25 002 0992 0.0199 150 667
3.0 0.02 0977 0.0195 185 541
3.5 0.01 0.930 0.0093 400 250
3.5 0.02 0930 0.0186 200 500
3.5 0.05 0930 0.0465 90 1111
4.0 0.02 0.806 0.0161 250 400
MeOHAc
(pK, = 342) 25 002 0893 0.0179 220 455
3.0 0.02 0.724 0.0145 315 317
3.0 0.034 0.724 0.0246 207 483
3.0 0.048 0.724 0.0348 160 625
3.5 0.02 0454 0.0091 480 208
CiHAc
(K, =2.74) 2.5 0.02 0.635 0.0127 220 455
2.5 0.047 0.635 0.0298 120 833
2.5 0.063 0.635 0.0400 80 1250
3.0 0.02 0.355 0.0071 420 238
3.5 0.02 0.148 0.0030 1210 83

4 HAc, acetic acid; MeOHACc, methoxyacetic acid; CIHAc, chloro-
acetic acid; C, 1, total (ionized + nonionized) buffer concentra-
tion; C .y, nonionized buffer concentration; f,.., time at which
acceleration occurs; R, derived swelling rate parameter. For all
conditions, 7 = 25°C, I = 0.1 M, where the ionic strength / is set
by addition of NaCli.

plotted for 0.02 M HAc with varying pH. For this set swell-
ing rate increases with decreasing pH. All of these results are
consistent with the hypothesis that any change in the solu-
tion which increases the unionized buffer concentration will
increase the swelling rate. A more quantitative appraisal fol-
lows.

DISCUSSION

Swelling Equilibria

In previous work we observed that the equilibrium de-
gree of swelling of polybasic gels is sensitive to the nature of
the buffer system bathing the gel, as well as the degree of
ionization of the gel network (3,26). At fixed pH and ionic
strength, buffers containing multivalent anions (e.g., citrate,
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Fig. 1. Swelling kinetics for MMA/DMA gels at pH 3.0, ionic
strength 0.10 M, in solutions with total buffer concentrations C, 1 =
0.02 M. (B) HAc buffer; (A) MeOHACc buffer; (A) CIHAc buffer.
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Fig. 2. Swelling kinetics for MMA/DMA gels at pH 3.5, ionic
strength 0.10 M, in HAc buffered solutions. (W) C, 1+ = 0.05 M; (A)
Car =002M;(A)C,y=001M

phosphate) lead to lesser degrees of swelling than solutions
containing only monovalent species (3,4,26). This is in ac-
cord with the Donnan equilibrium theory of swelling
(3,25,26,29). Although the present experiments were not car-
ried out to final equilibrium, it is noteworthy that all of the
swelling curves enter a final plateau at a swelling ratio of
approximately 8.0-8.5. We expect that the equilibrium swell-
ing values for all conditions studied here will be similar,
because (i) at the pH values studied, we can assume that
virtually all the DMA units will be ionized, (ii) ionic strength
is the same in all cases, and (iii) all anionic species in the
solutions are monovalent. Thus there should be no buffer or
pH sensitivity in the swelling equilibria under these condi-
tions. Evidently, buffer effects on swelling kinetics need not
be related to buffer effects on swelling equilibria.

Swelling Kinetics

The curves in Figs. 1-3 all have sigmoidal morpholo-
gies, characterized by an initial ‘‘slow’’ phase, followed by
an accelerated phase, and then a second slow phase. This
morphology has been attributed previously to a moving front
swelling mechanism (4,5,27). The gels are glassy in their
initial dry state, and during the early stages of swelling the
gel consists of a central dry glassy core surrounded by a
hydrated, rubbery periphery. The core imposes a swelling
constraint on the gel, such that expansion can occur only in
the direction normal to the swelling front. For a gel with slab
geometry, with both faces exposed to the swelling medium,

Q(t) (g water/g polymer)
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Fig. 3. Swelling kinetics for MMA/DMA gels in HAc buffered so-

lutions with C, 1 = 0.02 M and ionic strength 0.10 M. (W) pH 2.5;
(A) pH 3.5; (A) pH 4.0.
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there will be two moving fronts, one corresponding to each
face. When these fronts meet, the core disappears and the
swelling constraint vanishes. Swelling can now occur in all
three dimensions. This explains the accelerated phase of the
swelling curves. The terminal slow phase is probably due to
final mechanical and chemical (ion exchange) relaxations.
The shape of the swelling curves enables a simple semi-
quantitative test of the hypothesis that the swelling rate is
determined by C,5. As noted above, the accelerated phase
occurs after the two moving fronts meet at the midplane of
the slab. The time ¢, ., at which acceleration occurs, there-
fore, marks the meeting of the fronts. We define, therefore,
a rate parameter
R = 10°

accel

with the expectation that R should correlate positively with
Cau-

In order to evaluate ¢, .., and hence R, we adopt the
following procedure. For each swelling kinetics curve, lines
are drawn to fit the later part of the initial slow phase and the
early part of the accelerated phase. The time corresponding
to the point where the two lines meet is taken to be 7., and
R is computed as above. Values of ¢, ., and R obtained in
this manner are listed for each condition in Table I.

Figure 4 plots values of R versus C,y for all the condi-
tions listed in Table I. A clear trend is indicated, with in-
creasing C,y leading to increasing R. For these data, Spear-
man’s rank order correlation coefficient is 0.952 (P < 0.001).
Thus we can state with great certainty that the nonionized
buffer concentration is a major determinant of swelling rate.
It should be noted that the values of R listed in Table T and
plotted in Fig. 4 are derived from a procedure that involves
subjective judgments as to the precise location of the lines
which are drawn to determine the acceleration point. Hence
the R values are open to a degree of uncertainty. Neverthe-
less, the strong rank-order correlation is unlikely to be al-
tered by the specific R values that would be determined by
different judges.

The three filled symbols in Fig. 4 correspond to the
three buffers at total concentration C,r = 0.02 M, with pH
allowed to vary in each case. The open symbols correspond
to data taken at higher concentrations. It is apparent that the
effect of pH on swelling rate is determined primarily by the
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Fig. 4. “‘Rate’’ parameter R = 10%/t,..., versus nonionized buffer
concentration C .y for all conditions studied (see Table I). () HAc,
Car = 0.02 M at various pH’s; (A) MeOHAc, C, 1+ = 0.02 M at
various pH’s; (@) CiHAc, C, 1 = 0.02 M at various pH’s; (O)
results for the three buffers at higher values of C, 1.
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pH effect on C .y, and less so by a direct pH effect on the
gel. Clearly in buffered systems, one should not speak of
pH-dependent gel swelling without also specifying the buffer
species and concentration. This point is obvious from Figs.
1 and 2.

A rather simple explanation can be provided for the
observed buffer-dependent enhancement of swelling rates.
Only two conditions are required: (i) the pK, of the buffer
should be below the pK, of the gel amine groups, and (ii)
delivery of protons to the fixed ionizable amines should be a
rate-limiting step in gel swelling. If the first assumption
holds, then protons will ‘‘prefer’” gel amine groups to the
buffer’s conjugate base, and acid-base proton transfer from
protonated buffer molecules to free amine groups will occur
when the former come into the vicinity of the latter. Thus the
buffer provides an alternative source of protons for binding
to the amines, in addition to the hydronium ions in the aque-
ous solution. As hydronium ions are generally at a low con-
centration (e.g., 1073 M at pH 3), the addition of millimolar
quantities of buffer in its acidic form should increase the rate
by which gel ionization and (by the second condition) gel
expansion occurs.

The two conditions of the previous paragraph are
present in the gel/buffer system studied here. The pK, of the
DMA amine is approximately 7.7 (30), while the pK,’s of all
buffers studied are well below 5. Ionization of the amine
groups is likely to be a slow step in the absence of buffer, in
that the ionizable amine concentrations are of the order 0.2
M,* compared to the typical free H;O" concentrations
107*-107>° M) (27).

Besides simply augmenting the number of available pro-
tons, buffers can also facilitate swelling by circumventing
Donnan exclusion. When ionized, the MMA/DMA gel ac-
quires a net positive charge. Since the fixed charge density in
the gel (>0.2 M) can be considerably higher than the ionic
strength of the medium (0.1 M), a significant Donnan poten-
tial may inhibit the entry of hydronium ions into the gel
(21,27,31), thus retarding further ionization of the gel by the
protons carried by the H;O* . Neutral buffer acids will not
be inhibited by such a Donnan potential, however, and they
will be free to enter the gel and transport protons to the free
amines.

In a previous study it was shown that acetate and citrate
buffers can enhance swelling rates in MMA/DMA gels by

4 To estimate the amine concentration in the swollen gel, we note
that in the dry state, the polymer mass is given by two equal
quantities: XymaMWypa + XpmaMWpya = 1000p,V, where X,
and MW, are, respectively, the number of monomoles and the
molecular weight of the ith monomer i = MMA, DMA) in the dry
gel, and p, and V are the density and volume of the dry gel, re-
spectively. For the 70/30 MMA/DMA gel, Xyma = (7/3)Xpma-
Therefore, in the dry state the amine concentration is given by
Xpma/Vary = 1000p,/IMWys + (73)MWppyal. The polymer
volume fraction in the wet gel is given by 1/(1 + p,Q), where Q is
the degree of swelling. Hence the amine concentration in the swol-
len state is (Xyma/Viwee = 1000p (1 + p,DIMWyyy + (7/
3)MWppmall For the present system, p, = 1.1 g/ml, MWy, =
100.1, and MWy, = 185.28. Thus when @ = 8 (nearly maximum
swelling), the computed amine concentration is 0.24 M. Before the
accelerated phase of swelling, amine concentrations are even
higher.
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orders of magnitude, compared with unbuffered mineral ac-
ids (27). A hypothesis that the organic buffers plasticize the
polymer was rejected since the addition of organic analogues
of acetic acid (methyl acetate and acetamide) to mineral acid
solutions did not accelerate swelling. In view of the present
experiments, in which acetate is one of the buffers under
study, the results for acetate are well understood in terms of
the simple mechanism just described. The mechanism can
also explain the results for citrate buffered solutions. At the
pH’s where measurements were made, citrate is primarily in
its mono- and divalent state in the external solution. In either
case, this triprotic buffer is still capable of being a proton
donor to the gel amines. Also, in the case of citrate, the
Donnan effect may further accelerate the process, because
partitioning of the negatively charged citrate ions into the
positively charged gel is favored.

Also in the previous study (27), it was shown that a
decrease in pH does cause the swelling rate to increase in
unbuffered systems, although the rate is much slower than in
suitably buffered systems at the same pH value. Since this
holds even when the solution pH is well below the gel amine
pK,, the swelling rate increase with decreasing pH must be
attributed to increased proton concentration, which permits
faster proton transfer from the outer solution to the gel
amine groups.

Finally, it should be noticed that the ability to control
the swelling rate by altering the strong and weak electrolyte
content of the outer solution indicates that models for the
swelling of nonionic polymers, which typically consider sol-
vent diffusion and polymer relaxation as the rate-
determining factor, are insufficient to explain swelling of
polyelectrolyte gels. A proper model must include the effects
of mass transfer of protons and other solution species on the
ionization rate of the gel.

Relation to Other Buffer-Enhanced Kinetic Processes

Buffers are known to play a rate-enhancing role in a
number of processes. Perhaps the best-known example is
general acid-base catalysis, which can occur in free solution
(28,32). Buffers can also be used to speed up the titration of
protein crystals (33) and can enhance the effectiveness of
immobilized enzymes (34,35). Recently, analyses have ap-
peared of the effect of basic buffers on the dissolution rates
of acidic drugs (36-38) and of polyacids used as bioerodible
matrices for controlled drug release (39). Dissolution sys-
tems are somewhat simpler to consider than the gels studied
here, since all the interesting processes occur in a thin
boundary layer near the surface whose thickness does not
change at steady state. The explanation for buffer enhance-
ment of dissolution can be summarized as follows. In solu-
tion, the drug will exist in both the nonionized and the ion-
ized forms, each of which contributes to the dissolution flux.
At the solid/liquid interface where dissolution occurs, the
nonionized drug concentration is very close to solubility.
The concentration of ionized (anionic) drug at the interface
(and hence the total dissolution flux) will increase with in-
creasing local pH, as described by the Henderson-—
Hasselbach equation. On the other hand, the dissociation of
the acidic drug will tend to lower the pH near the surface.
The latter effect can be mitigated by introducing a proton-
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accepting (basic) buffer species. The basic buffer must be
provided continuously to the surface, and the newly proton-
ated buffer removed. At steady state the latter processes
occur at equal rates. Based on this mechanism, it follows
that dissolution should be accelerated with increasing pK,
and/or concentration of the buffer, as well as increased effi-
ciency of mass transfer in the boundary layer adjacent to the
interface. This is indeed predicted theoretically and has been
demonstrated experimentally (36-39). The buffer enhance-
ment of dissolution flux will be most efficient when the
buffer pX, is well above the pK, of the acidic drug, since
protons will effectively transfer from the drug to the buffer.

Consider now the dissolution of a basic drug or polyba-
sic polymer. Here one would use acidic buffers to enhance
the delivery of protons to the solid/liquid interface. The num-
ber of protons that can be delivered in this manner will in-
crease with increased buffer pK, and with increased buffer
concentration. Efficient proton transfer from the buffer acid
to the basic drug (or polymer) will require, however, that the
pK, of the latter exceed that of the former.

The acidic buffer-induced acceleration of swelling rates
seen in polybasic gels in the present study is analogous to the
dissolution rate enhancement of basic drugs by acidic buffers
predicted in the previous paragraph. While the precise mech-
anistic details may differ (e.g., the diffusional path length
increases with time for the gel, but not the dissolving sys-
tem), the same basic principle is shared. In both cases, the
acidic buffer acts as an added proton source to a basic moi-
ety.

A second important effect, absent in dissolution sys-
tems but possibly present in polyelectrolyte gels, needs to be
considered in light of recent theories of proton diffusion in
charged physiological systems, such as muscle. It has been
argued that, in the absence of buffers, proton transport in
such physiological systems would be unacceptably slow, due
to the high concentration of immobile ionizable groups com-
pared to physiologic proton concentrations. The ionizable
groups would function as traps for the protons, thus reducing
the protons’ mobility (20,22). To explain the transport rates
that are consistent with physiologic function, some authors
have proposed a mechanism by which a large fraction of the
protons are carried by mobile buffers in the physiologic me-
dia (40,41). The effectiveness of a buffer in facilitating proton
transport increases if the buffer pX, is greater than the pX,
of a fixed ionizable groups, and if the ratio of buffer ion to
fixed ionizable group concentration increases, since this
leads to a higher fraction of protons carried by the buffer. It
is noteworthy that in this circumstance, one is using the
higher pK, of the buffer in order to transport the proton past
the ionizable group. In the present study, we depend on a
buffer pK, that is lower than the amine pK, in order to en-
sure that the proton is transferred from the buffer to the
amine.

Implications for Controlled Release

The finding that buffer concentration and pK, strongly
affect swelling rates has broad implications for controlled
release. If release of an incorporated solute from a polybasic
gel is controlled by the rate of swelling, as can occur with
MMA/DMA gels (5), then the release rate will be influenced
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by the buffer composition of the physiological environment,
as well as the pH. Thus, in vitro tests of release properties
should be carried out in buffer systems that resemble the
intended in vivo environment. Moreover, in some cases the
latter cannot be controlled. For example, if a polybasic gel is
given orally, it will swell in the acid environment of the
stomach. The stomach fluid will aiso contain weak acids
whose composition will vary according to food intake, as
well as other physiologic factors. Therefore, one probably
cannot expect precise pH-sensitive rate control of drug re-
lease into the stomach from polybasic gels, and this may
limit their utility as rate-controlling carriers. It should be
noted, however, that precision of release rate is not always
required and if, for example, one is concerned only with
pH-triggered release, then polybasic gels might still be use-
ful drug carriers for oral delivery.

CONCLUSION

In previous work it was shown that weak acid buffers
can play a rate enhancing role in the swelling of polybasic
gels. It was conjectured that such buffers act as proton car-
riers from the outer solution to the amines within the gel.
The present work confirms this hypothesis and, also, shows
that pH-sensitive swelling can be mediated primarily by the
effect of pH on the concentration of the conjugate acid form
of the buffer, rather than a direct effect of pH on the gel. The
importance of this result with respect to ‘‘pH-sensitive”’
controlled release is evident.
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