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SYNOPSIS

Through swelling experiments on polyelectrolyte (HEMA/DMA) hydrogels, pH-induced
swelling kinetics is found to be best described by a diffusion-mechanical relaxation incor-
porated model. The theory of equilibrium swelling is quantitatively combined into the
model of swelling kinetics. By doing so, the advantage is taken of applying relatively more
matured knowledge of gel swelling thermodynamics to predict less knowledgeable dynamic

behavior of gels. © 1995 John Wiley & Sons, Inc.

INTRODUCTION

Some controlled drug release devices have been de-
veloped based on pH-sensitive swelling characters
of polyelectrolyte hydrogels.) In these devices,
drugs are encompassed by or dispersed into a poly-
electrolyte hydrogel. A change in pH of the solution
surrounding the gel will initiate a process of shifting
in the equilibrium swollen state of the gel, either
swelling or deswelling. In many cases, this process
cannot be completed immediately. Accompanied
with it starts a change in the release rate of drugs
by diffusion through the gel until a new equilibrium
swollen state of the gel is reached. Therefore, to
study such controlled drug release devices we need
a thorough understanding of both the equilibrium
state and the dynamic swelling processes of poly-
electrolyte gels. Most of the attention in the past
has been paid to the gel equilibrium state,*® which
successfully explained a lot of experimental results.
But the role of swelling kinetics in controlling the
drug release process should not be neglected, es-
pecially when the swelling process is slow relative
to a quick response of drug release kinetics.®” This
article is an attempt at combining both kinetics and
thermodynamics together to consider the swelling
process of polyelectrolyte gels. The study of the ac-
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companied drug release process can be found else-
where.?

Physical Analysis

Hydrogels are considered as polymers with a three-
dimensional network. The swelling of such polymers
or gels upon being immersed in a solution is clas-
sically described as a mixing of an analogous linear
polymer with the solvent; the swollen gel is in fact
a polymer solution although an elastic rather than
viscous one.’ The mixing tendency is a function of
compatibility between polymer and solvent, which
is decided by their thermodynamic properties. This
mixing tendency drives solvent into the polymer
network and is an expansion force for network
swelling. As the swelling goes, the chains between
network junctions are elongated and an elastic re-
tractive force in the gel is then developed to oppose
the swelling process. Eventually, the development
of the elastic retractive force will balance the swell-
ing expansion force and an equilibrium state of
swelling will be attained.

A polyelectrolyte gel is formed by crosslinking
flexible polymer chains to which ionizable groups
are attached. These ionizable groups will dissociate
in solution completely for strong electrolyte or par-
tially for weak electrolyte groups and the network
is left with same charged groups along its chains.
These charged groups produce an electrostatic re-
pulsion force among themselves, which will add in-
fluence to the expansion of gel network. It can be
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predicted that charge density, an important factor
in the electrostatic force, will play a role in changing
the swelling of a gel.

For a polyelectrolyte hydrogel, the charge density
p. is referred to the number of charged groups per
unit volume and related to the concentration of total
ionizable groups in the gel C,,,, the apparent dis-
sociation constant K, ,,, and pH of local solution by
the following equation:

K,
, = _Cmo ___tapp 1
b Kupp + Cui+ (1a)

for an acidic gel with K,,, on the side of low pH or

Cy+
o T 1b
o Kopp + Cy+ (1b)

p.=C

for a basic gel with K, on the side of high pH.

When a gel, preequilibrated at (pH ), is suddenly
placed in an environment of (pH),, assuming (pH),
< (pH),, this increased H* concentration will build
up a gradient in the gel surface to drive H" ion dif-
fusion into the matrix where [H*] is low. When the
pendant weak electrolytic group is a basic one, e.g.,
— B, the moving-in of H* ions will cause the follow-
ing ion exchange reaction to proceed in a direction
to the right side,

-B+H*=-BH" (2)

producing more ionized groups —BH ™. As a result,
the charge density is up, the increased electrostatic
repulsion force then destroys the previously estab-
lished force balance and the balance shifts in the
direction of swelling. In the meantime, the elastic
retractive force induced by the swelling becomes
stronger to encounter the increased swelling force.
After certain rounds of back and forth fighting, sol-
vent is absorbed into the gel and a new equilibrium
state is attained. The whole swelling process led by
H* ions diffusion can be summarized into the fol-
lowing four steps:

1. H™ ions diffuse from the outer solution into
the hydrogel;

2. driven by the change of pH at local microen-
vironment, an ion-exchange reaction takes
place to produce more charged groups;

3. the gel network relaxes under the imbalance
between the expansion force and the encoun-
tered elastic retractive force;

4. solvent is imbibed into the gel as step (3) is
going on.

Depending on which one is controlling, different
mechanisms were proposed to describe a swelling
process. Among them is the diffusion control mech-
anism suggested by Nussbaum and Grodzinsky.® In
this mechanism, the proton transport through a
charged polyelectrolyte gel was considered to be the
dominating step for the swelling and is described by
the continuity equations:

9C, _ oL, for salt ts  (3a)
at (9 or salt components a

and

S

I + 9Cir _ — & for proton (3b)
dx

Some comments can be made for this model. The
model does have a simple mathematical expression
by considering no change of geometry and size of
the diffusion medium. For a gel that has a consid-
erable variation in its swelling degree accompanied
to the pH range of its surrounding solution, the
model is too far away from reality to be reliable. In
addition, although the influence of buffer on swelling
kinetics is significant and has been experimentally
observed and studied by Siegel and Firestone, %2
no attempts have been made to include this influence
while modeling a swelling kinetic process.

Another model in studying swelling kinetics is
completely opposite to the diffusion control mech-
anism and it considers that the mechanical relaxation
is the most important step in a swelling process.
The equation of motion was used by Tanaka and
Fillmore® to describe the relaxation process of a
polyacrylmide gel.

To attain a model that can describe real swelling
processes as closely as possible, this study adds to
the model the long neglected important factors like
buffer effect and swelling degree change effect on
the swelling kinetics. The model has adopted the
concepts of diffusion control and mechanical relax-
ation control and then tried to seek a logical con-
nection between these two extreme cases after hav-
ing studied them separately. Finally, computed data
from the developed models are compared with the
results obtained from pH-induced swelling experi-
ments on HEMA /DMA polyelectrolyte hydrogels.

MODEL DEVELOPMENT
Diffusion-Limited Swelling

A symmetric flat polyelectrolyte gel with basic ion-
izable groups (—B) is immersed in an electrolytic



solution, e.g., NaCl solution buffered with a weak
acid (AH). The gel is thin and compared with other
two dimensions, only the diffusion along the thick-
ness direction is significant. Therefore, it is a one-
dimensional diffusion process. The species involved
in the diffusion process include ionic components
like H, Na*, Cl7, and A, as well as the neutral
species AH. The diffusion flux of ionic species is
described by the Nernst-Planck equation

_ aC; Z, = ~
Fi:—Di—‘i‘F_i'_lCiE'f'CiU 4
ax  z (4)

When the influences from electric field and the bulk
flow are neglected, the equation becomes a familiar
Fick diffusion equation

~ 0C;

i:_Dz_'_ 5
I dx (5)

It should be noted that a porous membrane gel is
considered to be homogeneous in macroscopic di-
mensions, therefore all quantities are referred to to-
tal materials rather than to pores. Considering the
size change by swelling through the diffusion pro-
cess, a Lagrangian coordinate system associated with
the solid membrane matrix!® is used to derive con-
tinuity equations. For salt components, the conti-
nuity equations are

A1+ H)C] _ a(aly)
ot W

(6)

where « is a ratio of total membrane area to its initial
area and H is the hydration degree of the gel. The
continuity equations for the rest of components are

(1 + H)Cx-] _ _ 9(aly-)

—(L+H)ran (7)

at EY)
dl(1 + H)Cpu] _ _ 9(alan)
at = a¢/ +(1+H)rAH (8)
(1 + H)(Cy+ + Cx)1
ot
d(aly+
= —%- (1+H)ran (9)
where
—ran = khuCan — kRuCa-Cu+ (10)

is the rate of dissociation reaction of weak acid buffer
AH/A™
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AH = A"+ H* 11
Combining eqgs. (8) and (9) gives

8[(1 + H)(Cy+ + Cip+ + Can)]
ot

__ 0la(Ty+ + Tyan)]
= ) (12)

7%+ is the concentration of hydrogen ions bound to
the polymer chains. For a basic gel

Csy+ = Cp (13)

C,, is the magnitude of charge density. When the
reversible dissociation reaction of the fixed ionizable
groups is considered to proceed instantaneously, C,,
for basic gel is expressed by a form of eq. (1b) as

C = Cfno CH+
™ 14+ HKyyp + Cyr

- (14)

C:,, is the total molar concentration of ionizable
amine groups per volume of solid polymer. Substi-
tuting eq. (14) into eq. (13) gives

Crsno éH+

C—S+= = 15
T U1+ HK,, + Cu- (15)

It can be proved that eq. (15) is also correct for acidic
gels.

Using the same approaches as Ruckenstein and
Varanasi'® and assuming (1) the dissociation reac-
tion of buffer is at equilibrium everywhere all the
time, i.e.

Kan = —5 (16)

(2) Ca- + Can is a time-independent constant
through the membrane and equals to Cr, we can
obtain a relationship between C,y and Cy+

CTCH*

Coy=———
AT Kon + Gy

amn
Equation (12) can then be transformed into

- Cr Cs

—{Cyl (1 + {1 + — | + =0

Gt{ H [( )( Kau + cH+) Koo + CH+H

6 —_ GC_H+ - 3 CTC_H+
= — Dy —— + [ty R e S
a¢{°‘[ g, Y Dang (KAH n CH+)

(18a)
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To further simplify eq. (18a), the following dimen-
sionless variable and constants are defined:

o _ Che
Coo =

Kapp

- C
CT' = T
app
o G
app
K= &
Kapp
f) = _AH
Dy+

Also, in one-dimensional swelling, a = 1 and dx
= (1 + H)dy. Equation (18a) therefore becomes

d [~ Cr Co
at [C[(l * H)(l Tk+ é) T+ C'H

L[ 15 C, 5o [ ChC
_0¢[1+HDH+[6¢+D6¢(K+C‘)” (18b)

Using dimensionless independent variables £ = /6
and 7 = tDy+/8% and"’

Dy- _( H \*_(1-¢)
Dy+ 2+ H 1+ ¢
eq. (18b) is further written as
d 1 Ch cs,
OT[C[¢(1+K+C)+1+G]]
— 2| aYall ~
_ £{¢(1 d)) [1 n KDCh ]6C
a¢ 1+ ¢

(K + 0| ot
where ¢ is the polymer volume fraction of the swol-
len gel and related to the hydration degree by ¢
=1—- H/(1 + H) = 1/Q1 + H). The initial and
boundary conditions are

} (18c)

t<0
C=NC, foralléf (18d)
t=0
aC
bz =0 atf=0 (18e)
C=\C, atf=1 (18f)

Donnan ratio A can be calculated based on the fol-
lowing consideration. A constraint on bulk electro-
neutrality is present inside the gel

pe+ 2 2C: =0 (19)

By the definition of Donnan ratio A* = C,/C; where
C; and C; are the concentrations referred to gel and
outer solution; eq. (19) can also be expressed as

Pe + Z z,»)\ziC,- =0 (20)
Charge density p, can be calculated from eq. (1b)

Cho
Pe = Zm __—¢—— (21)

1+ % 10°PH-PKepp

where pH is referred to the value in the outer so-
lution. With egs. (20) and (21), the Donnan ratio is
numerically computed from experimental equilib-
rium swelling data (¢ vs. pH).

The differential eq. (18c) has two dependent
variables: hydrogen ion concentration and polymer
volume ratio. To solve the equation, another rela-
tionship between these two variables should be
found. As we know, the mechanical relaxation in a
diffusion-controlled swelling is supposed to be in-
stantaneous and a swelling equilibrium exists ev-
erywhere and all the time. Therefore the swelling
equilibrium equation for polyelectrolytic gels®!! can
be used as the relationship to relate the polymer
volume ratio to hydrogen ion concentration:

In(1 — ¢) + ¢ + X¢? + Tpold'® — 3¢)
=v>(C,—-C) (22

v is the solvent partial molar volume and p, is the
number density (moles/liter) of polymer chains in
the network at formation. X is the Flory interaction
parameter, which is determined by the compatibility
of the polymer and the solvent. An increased value
of X will be associated with reduced compatibility
and hence reduced swelling. The value of the inter-
action parameter used to be regarded as a constant
but more and more experiments have proved that it
is a function of polymer volume fraction. The in-
teraction parameter for the pHEMA-water system
was expressed by Peppas and Moynihan®® as

X = 0.320 + 0.904¢ (23)



Equation (22) can also be written as

ol . C ]
Z¢Cmo 1+ C U(Cs Cs)

= % (In(l — ¢) + ¢ + x¢*] + po(¢>l/3 - % ¢>) (24)

To calculate the value of (C, — C,), two special cases
are considered.® One case is when the external elec-
trolyte concentration C; is very small compared with
the charge density of the gel. In this case, the second
term on the left side of eq. (24) may be neglected in
comparison with the first one to leave an equation
like

C

cs,———
¢ ™1+ C

Zm)
z_

= % [In(1 — ¢) + ¢ + x¢*] + po(¢”3 - % ¢) (25)

The second special case is opposite to the first one.
In this case, the external electrolyte concentration
is comparable with or larger than the charge density
and eq. (24) becomes

¢2 C_ 2
2 les ——~
B 41'( mo 1} C)

= % (n(1 — ¢) + ¢ + x¢*} + po(¢1/3 - % ¢) (26)

Simultaneously solving egs. (18) and (22) can then
give the values of polymer volume ratio ¢, or hy-
dration degree H({, t). This hydration degree is,
however, only a local value. To attain an average
hydration degree, H((, t) should be integrated
through the gel. This average hydration degree will
be used to compare with the experimentally mea-
sured hydration degree H.,,,(t).

1
Hupeon(t) = fo HG, ) dt 27

Mechanical Relaxation Controlled Swelling

At t <0, a polyelectrolyte gel is set at an equilibrium
hydration degree H, corresponding to its external
solution. At ¢t = 0, one of external medium properties,
e.g., hydrogen ion concentration, is changed and this
change will be transmitted to the gel to induce a
swelling or deswelling process. A mechanical relax-
ation control swelling means a very fast proton dif-
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fusion. The diffusion is so fast that a new uniform
intramembrane hydrogen ion concentration Cy+ can
be established immediately after the external pH is
varied. To this new intramembrane Cy+, the present
hydration degree H; is no longer in an equilibrium
state. There will be a new equilibrium hydration de-
gree Heq(CH+) for the gel to attain and this process
is slow. As a result, in response to the changed ex-
ternal pH, there is a deformed gel by the difference
between the current H, and its prospective equilib-
rium hydration degree H,(Cy+).

From the viscoelastic point of view, this defor-
mation can be equated as a consequence of some
kind of loading no matter what paths it takes to
impose this loading. Therefore, the swelling process
that tries to bring the current nonequilibrium state
to its equilibrium position can be viewed as a recov-
ery response of creep initiated by deloading (¢ = 0).
For creep recovery response, a simple Viogt model
was suggested to describe the linear viscoelastic be-
havior of the polymer.'*?° The model is one of many
mechanical models that describe the linear visco-
elastic behavior by various combinations of springs
and dashpots. The spring is purely elastic (no energy
is dissipated and mass is negligible) and dashpot is
purely viscous (it is rigid and mass is negligible).
The Viogt model consists of one spring and one
dashpot in parallel. They have the same strain and
their stresses are additive. The differential equation
for local longitudinal strain e in the absence of im-
posed forces is

de
Me+n—=0 28
etn (28)

where M is the equilibrium bulk longitudinal mod-
ulus and 7 is the viscosity of the swollen gel. Both
M and 75 are material properties. The solution for
strain relaxation is

e= eoexp(— i) (29)

Tr

7, = n/M is a characteristic time constant called the
“retardation time” in the discussion of creep. At t
= 7,, the strain will reach to exp(—1) of its initial
value ¢;. The strain of the deformed gel is related to
the hydration degree by*®

- H(t) _ Heq(éi)

1+ Ho(C) (30a)
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Similarly, the initial strain is

HO — Heq(C—i)

1+ H(C) (30b)

€y =

With these expressions, eq. (29) becomes

H(t) = Heq - (Heq - HO)eXp(— Ti) (31)

r

for the case of mechanical relaxation controlled
swelling.

Because of a limited diffusion rate of H*, a swell-
ing process is, in practice, unable to attain an ex-
treme mechanical relaxation control. But when a
gel is so thin that a uniform H* distribution can
almost immediately be attained after changing the
pH of its surronding medium, we may use this model
without significant error.

Diffusion and Relaxation Incorporated Swelling

For a swelling process that is under a control by
both diffusion and mechanical relaxation, an incor-
porated mechanism should be concerned. In the
same model system we used before, when the exter-
nal concentration of H" is increased, an intramem-
brane H* concentration distribution is formed due
to the limited proton diffusion rate and this distri-
bution profile changes with time. Because of the
limited diffusion rate of H* the whole gel cannot
instantaneously attain a uniform concentration of
H™ corresponding to the new external pH and the
mechanical control model we have talked above is
not suitable to discribe the whole gel. But consid-
ering a very thin layer between x and x + Ax inside
the gel, we can assume that the H* concentration
in that layer is uniform at any moment even though
it is changing as time. At time ¢, corresponding to
this uniform H* concentration, there is a swelling
degree H(Cy+). When time goes to t + At, Cy+ be-
comes Cy+ + ACh-+ for which there is a prospective
equilibrium hydration degree H,o(Cy+ + ACy+) de-
termined by swelling thermodynamics of the gel. The
difference between this prospective equilibrium hy-
dration and the current hydration degree will then
make this thin layer of gel undergo a relaxation pro-
cess, which was described by the mechanical relax-
ation control model. The same analysis can be used
to other parts of the gel as long as the thickness of
the concerned portion of gel is kept small enough
for the H' concentration in it to be thought as uni-
form. By considering the diffusion factor through

the whole gel and the mechanical relaxation factor
in the local environment, we have incorporated both
effects into one model. In applying eq. (31), H, is
the prospective equilibrium hydration degree cor-
responding to the current Cy+, H, is the current hy-
dration degree, and H is the hydration degree of the
gel after a certain time ¢ of mechanical relaxation
driven by (H., — H,). Before the entire gel is equil-
ibrated by its external medium, the local Cy- is kept
changing and so are H,, Hy, and H. By this means,
the affectors on the diffusion of H* and mechanical
relaxation of polymer are combined together to con-
trol the swelling kinetics of a gel.

EXPERIMENTAL

Monomers HEMA (2-hydroxyethylmethacrylate)
and DMA (N,N-dimethylaminoethyl methacry-
late ), used as received, were degassed. After rapidly
mixing with crosslinker EGDMA (ethyleneglycol
dimethacrylate) and redox initiators ammonium
persulfate /sodium metabisulfite, the monomer so-
lution was poured into a gel caster and left there for
24 h at room temperature. Gels were then peeled off
and washed with fresh buffer solutions. All swelling
experiments were conducted at room temperature.
Equilibrium swelling studies of HEMA-DMA gel
were conducted in a pH range of 3.0 ~ 9.0. Buffers
were used in all experiments: citric acid buffer for
pH 3.0 ~ 5.0, sodium phosphate buffer for pH 6.0
~ 7.8, and Tris buffer for pH 8.0 ~ 9.0. Sodium
chloride was used to regulate the ionic strength of
the buffers, and a moderately high ionic strength of
0.125M was chosen in all the equilibrium and ki-
netics experiments.

RESULTS AND DISCUSSION

Equilibrium Swelling

In the part of model development, we have seen that
the pH-induced swelling process, no matter what
mechanism is followed, is closely related to gel
swelling thermodynamics. Therefore, the experi-
ments on the equilibrium swelling of the concerned
gels were conducted first.

Two gels were prepared and studied, gel A and
gel B. The volume ratio of ionic-group-containing
monomer DMA to hydrophilic monomer HEMA is
25/100 in gel A and 30/70 in gel B with a crosslinker
concentration of 0.0022 (v/v). It is observed that a
small change in the volume ratio of DMA/HEMA
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has resulted in a remarkable change in the equilib-
rium swelling degree of gels (Fig. 1).

The molar concentration of fixed ionizable groups
in a copolymerized gel can be calculated from

Cfno = Pionizable monomer,gel ( 39 )

( MW )ionizable monomer

where pionizable monomergel 15 referred to the density of
the monomer-containing ionizable groups in the
polymer gel. With the assumption of addition of
volume, the density of DMA in the p(HEMA/
DMA) polymer can be calculated from

0 (PV )DMA,monomer
P (PV )DMA,monomer + ( pV )HEMA,monomer

(33)

PDMA gel —

where p, is an experimentally measurable density
for the p(HEMA /DMA) copolymer. The concen-
tration of ionizable groups in the copolymer gels can
be adjusted by varying the volume ratio of DMA to
HEMA, which, along with the ionization degree—a
function of pH, decides the charge density of the
gel, then the electrostatic swelling force, and ulti-
mately the equilibrium swelling degree. At a fixed
pH value, higher C;,, will lead to a larger swelling
degree in a certain range. This is consistent with
our experimental results. In Figure 1, at each value
of pH the swelling degree of gel B is higher than the
value of gel A.
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Figure 1 Experimental results showing the degrees of
equilibrium swelling of hydrogels at different pH values
of external solution. The square symbol is for gel A and
diamond for gel B.

The change of pH alters the ionization degree of
ionizable groups, and therefore the swelling degree.
For a gel with a basic ionizable group (here, an amine
group), the concentration increase of H* protonates
the amine groups on the chain by an acid-base equi-
librium process. As more groups are ionized, the
charge density and the corresponding swelling de-
gree are increased. In Figure 1 the equilibrium
swelling degree changes very abruptly in a rather
narrow range of pH 6.5 ~ 8.0. When the pH con-
tinues decreasing until below 6.5, the swelling degree
change is very small. This is because the ionization
process of the groups has approached its saturation
stage and further increase of H* concentration will
not much increase the number of the charged groups.
The theoretical results calculated from eq. (22) are
plotted in Figure 2(a)-(d), showing the effect on the
equilibrium swelling degree of crosslinking density,
concentration of ionizable groups, ionic strength of
solution, and hydrogen ion concentration. Qualita-
tively, the model has predicted the pH effect well
by comparing Figure 2(d) and Figure 1. For a quan-
titative prediction, the values of crosslinking density
po, concentration of total ionizable groups C%,, and
Donnan ratio A have to be known. In the present
study, the crosslinking density (0.476 mol/L) is
measured with an equilibrium swelling method and
Donnan ratios (0.5 ~ 0.6) are calculated from ex-
perimental data by using egs. (20) and (21). A com-
parison of equilibrium swelling behavior between
theory and experiment is shown in Figure 3(a) where
the values of C§,, are calculated from gel composi-
tions.

We can see from Figure 3(a) that the quantitative
match is not very good. This inconsistency is un-
derstandable considering that the real structure of
a gel is much more complicated than that described
in the model here. The charge density calculated
from polymer monomer compositions can only be
thought as an approximate value, which is helpful
in getting a rough idea about the magnitude of gel
charge density. A point should be made that the ob-
jective of our study here is to analyze the dynamic
swelling process and to develop proper kinetics
models. Therefore any failure from the side of gel
thermodynamics should not confuse our judgment
on swelling kinetics. For that reason, it is acceptable
to make some adjustments of the parameters in-
volved in the equilibrium swelling equation before
the equation is introduced into the calculation of
swelling dynamic models. The adjusted C3,, are the
values from which the experimental equilibrium
swelling data can be fitted by eq. (22) [Fig. 3(b) and
(c)] and are listed in Table I, together with the cal-
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Figure 2 (a) The relationship between degree of equilibrium swelling and crosslinking
density of polymer. (b) The relationship between the degree of equilibrium swelling of
polymer and the concentration of ionizable groups in the solid polymer. (¢) The relationship
between degree of equilibrium swelling of polymer and ionic strength of external solution
at different polymer charge densities. (d) The change of the degree of equilibrium swelling
of polymer with the value of pH of external solution.

culated results. It can be seen that their values are
not too far from each other. These experimentally
determined C}yq ey Will be used in the future to pre-
dict gel swelling kinetic behavior.

Kinetics Studies

A gel immersed in a solution is attached by a liquid
stagnant film and the components from the solution
must diffuse through this film before they reach the

gel surface. The diffusion resistance provided by the
film is apparent and even able to be dominant in
some cases. To decrease the influence from this
stagnant film, all kinetics experiment were con-
ducted in a stirred solution medium.

Based on the information of phase transition from
equilibrium swelling studies, the initial observation
on the swelling process of a gel is made by following
the time course of swelling degree after gel samples
preequilibrated at pH 8.0 were transferred into
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Table I The Values of C%, for Gel A and Gel B

Polymer Materials Gel A Gel B
PDMAgel’ 0.2315 0.3512
(g/cm®)
Co (mol/L) 1.473 2.234
(cal.)®
Cho (mol/L) 2.200 4.000
(exp.)

& The values of C%,, (cal.) are calculated from the compositions
of the gels and those of C%, (exp.) are the values from which the
experimental equilibrium swelling data can be fitted by eq. (22).

Y The specific gravities of monomers HEMA and DMA are
1.034 and 0.933 (g/cm?®), respectively. The molecular weight of
DMA is 157.21.

buffer solutions at pH 4.0, 6.0, 7.0, and 9.0, respec-
tively [Fig. 4(a) and (b)].

The swelling characters of uncharged polymers
fall into one of the three cases:?*2 Fickian or normal
swelling, non-Fickian or anomalous swelling, and
Case 2 swelling. In Fickian swelling, when a steady
surface equilibrium is established immediately and
the diffusion coeflicient is a constant or is a function
of the concentration of solvent only, the initial
swelling rate is proportional to the square root of
the time. In non-Fickian swelling, the curve of
swelling against the square root of the time is sig-
moid in shape. In Case 2 swelling, a sharp advancing
front separating the inner glassy core from the outer
swollen, rubbery shell exists and moves forward at
a constant velocity. Therefore the initial swelling
rate is directly proportional to time. For a gel with
a slab geometry, if we write the rate expression of
initial solvent increase as

M, = k" (34)

Figure3 (a) Comparison of equilibrium swelling of gels
between the experimental results and the computed data,
which were based on the values of calculated C§,,. Square
and diamond symbols are experimental results for gel A
and gel B, respectively. Dashed and solid lines are the
computed results for gel A and gel B, respectively. (b)
Comparison of equilibrium swelling of gel A between the
experimental results and the computed data, which were
based on the experimental values of C2,,. Square symbols
are experimental results and the solid line is the computed
results. (¢) Comparison of equilibrium swelling of gel B
between the experimental results and the computed data,
which were based on the experimental values of C%,..
Square symbols are experimental results and the solid line
is the computed results.
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Figure 4 (a) Time course of swelling of gel B in buffer
solutions. The gel had been preequilibrated in a phosphate
buffer solution of pH 8.0 and of ionic strength 0.125M
before being put into buffer solutions that have same ionic
strength but different values of pH: 4.0, 6.0, 7.0, and 9.0,
respectively. (b) Time course of swelling of gel B in buffer
solutions. (The data are the same as that in (a) but plotted
in the coordinate of ¢ instead of Vz.)

where k, is constant, then n = 0.5 is Fickian swelling,
n = 1.0 is Case 2 swelling, and the region 0.5 < n
< 1.0 is non-Fickian swelling. It is suggested that
non-Fickian diffusion is observed only when inves-
tigations are carried out below the second-order
transition temperature 7, of the polymer.? It means
that if a non-Fickian diffusion is observed experi-
mentally the polymer must be in glassy state.

For a charged polymer like the gels we studied
here, the criteria set by the swelling exponents in

eq. (34) are not so definitive.'? Actually, even if we
observed sigmoidadlly shaped curves in the swelling
behavior of gel B at pH 4.0, 6.0, and 7.0 [Fig. 4(a)],
it is very unlikely that the gel preequilibrated at pH
8.0 containing about 65% (w/w) water would still
be a glassy polymer. In fact, it was shown by Allen
et al.?* that pHEMA crosslinked with glycol dime-
thacrylate had a T, of 0°C at 40% water content
even though the dry polymer has a T, of about
100°C.% In addition, a moving front was clearly ob-
served during our experiments. Both the non-Fick-
ian swelling phenomenon and the experimentally
observed moving front deviate from classical Fickian
diffusion behavior in rubbery gel in which swelling
kinetics are Fickian. Firestone and Siegel” also ob-
served non-Fickian swelling behavior with their
rubbery BMA/DMA gels. Their explanation is due
to interactions of the ions with the ionizable amines
on the gel since the non-Fickian behavior observed
in aqueous solution would disappear with n-hexane
sorption in BMA/DMA gels even though they con-
jecture that a moving front that often appears in
glassy polymers exists in their BMA/DMA gels dur-
ing swelling. The moving front or swelling front in
glassy polymers often can be explained through the
concept of glass-to-rubber relaxation. For a rubbery
polymer, the glass transition does not exist any
more. However, the expansion of polymer chains
that are crosslinked and/or entangled together is
hardly visualized to occur instantaneously when a
considerable change in volume is involved, i.e., a
phase transition. Therefore, we think that even for
rubbery polymers, mechanical relaxation of polymer
chains still can play a role in swelling, depending
on the degree of change in volume. The moving front
in rubbery polymers is then due to the mechanical
relaxation.

Comparison between experimental results and
model predicted data also shows that mechanical
relaxation of polymer materials is not a trivial factor
that can be neglected under our experimental con-
ditions (Fig. 5). The two models used in the com-
parison are based on the diffusion control mecha-
nism and diffusion-relaxation incorporating control
mechanism, respectively. At the initial stage of
swelling, the diffusion distance of H* ion is small
and mechanical relaxation is a controlling factor in
swelling. Therefore, the model based on the pure H*
ion diffusion control mechanism fits poorly with the
experimental results. With the same parameter val-
ues, however, the diffusion-mechanical relaxation
incorporated model fits the experimental data well
with a sigmoidal shape in the initial swelling stage.
As the time goes on, diffusion distance becomes
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Figure5 Comparisonbetween models and experiment.
The points are from one of the experiments. The solid
and dashed lines are from the diffusion controlled swelling
model and diffusion-mechanical relaxation incoporated
controlled swelling model, respectively. In the experiment,
the time course of swelling of gel B was initiated by trans-
ferring the gel from a buffer solution of concentration
0.01M, ionic strength 0.125M, and pH 7.4 into another
buffer that has the same concentration and ionic strength
but pH 6.0. The deswelling process of the gel was initiated
by putting the swollen gel back into the previous buffer.

longer and diffusion influence becomes more im-
portant. Both diffusion control and diffusion-relax-
ation incorporated control models can provide same
good prediction on swelling. This comparison
strongly suggests that the model considering the
structure relaxation factor is closer to reality, es-
pecially in the initial stage of a swelling.

Another comparison is made in the diffusion-re-
laxation incorporated model itself when the param-
eters required by equilibrium swelling equation have
been given different values (Fig. 6). The purpose of
this comparison is to see how strong the correctness
of equilibrium swelling equation can affect the pre-
diction of swelling kinetics behavior of a gel. The
comparison shows that although accuracy of the pa-
rameters in the equilibrium swelling equation will
not induce mistakes in discerning the mechanisms
of swelling kinetics, it is indeed a necessary condition
for a quantitative prediction of kinetics. The ad-
vantage of combining the knowledge of swelling
thermodynamics into kinetic modeling is that the
study of swelling kinetics can be conducted com-
pletely based on the gel structure and its physical
properties.

A good equilibrium swelling prediction is a nec-
essary condition for a swelling kinetics study, but it
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is not sufficient. Other factors special for kinetic
processes should also be addressed. These factors
include buffer concentration C, relative diffusivity
D, and retardation time 7, when a mechanical re-
laxation of polymer chains is involved.

The Effect of C;

The interesting observations about buffers made by
Siegel and Firestone consist of three experiments.
The first one is a comparison between the equilib-
rium swelling study of MMA/DMA in HCl/NaCl
solution and one in citric acid/NaCl solution at pH
4.0, at several ionic strengths. At low ionic strength,
swelling is considerably greater for the unbuffered
HCI1/NaCl system. At high ionic strengths swelling
is independent of the buffer system. The second ex-
periment compares swelling kinetics for MMA/
DMA gels in citrate/NaCl, acetate/NaCl, and un-
buffered HC1/NaCl solutions. All solutions are at
pH 4.0 and ionic strength I of 0.1M. The gels in
buffered solutions have much more rapid swelling
rates than in the unbuffered solution, although the
first experiment has shown that one of the buffered
solutions, citric acid/NaCl, had a smaller equilib-
rium swelling ability than the unbuffered solution.
Siegel and Firestone explained this “anomalous”
phenomenon by the plasticization of the organic an-
ions composed in the weak acid buffer molecules.
For this reason they did the third experiment in

Hydration Degree
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Figure 6 Example of showing the significant influence
of information for equilibration swelling of a gel on the
model prediction of swelling kinetics of the gel. Points are
experiment results; solid and dashed lines are calculated
results at C%, = 4.0 mol/L and C%, = 2.234 mol/L, re-
spectively.
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which the chemicals with same organic anions but
without buffer function are added to HC1/NaCl sys-
tem. Apparently, the hypothesis of plasticization by
organic anions is not a good answer because the
swelling kinetics are virtually same as those for HC1/
NaCl solutions without these additives. In their later
paper, Firestone and Siegel” proposed that the pres-
ence of buffer may increase the amount of available
protons by simply obtaining them from the source
bound to the weak electrolyte and by overcoming
the so-called Donnan exclusion barrier. More re-
cently, a mechanism for buffer-enhanced swelling
rates has been postulated.!? Here, we are trying to
explain the buffer effect through the concept of car-
rier originally brought up by Engasser and Hor-
vath.?®

Before the work of Engasser and Horvath, the
role of buffer in increasing the transport rate of H*
was limited to the static point of view. This view
was doubted by Engasser and Horvath because, they
argued, the concentration of buffer is very low and
the static theory is not good enough to explain how
such a small amount of buffer could induce such a
big increase in the transport of proton. They thought
that in addition to the static role, buffer possibly
played a dynamic role in proton transfer and facil-
itated the diffusion of H* through a porous medium.
The facilitation concept considers that the conjugate
base of the acid-base pair forming the buffer acts
as a “carrier” that binds H* ions reversibly and aug-
ments their transport rate by setting up an alter-
native path. The work of Ruckenstein and
Varanasi'® shows that under certain conditions, the
facilitation factor can increase the apparent diffu-
sivity of H* ions by several orders of magnitude of
the diffusion coefficient of H* ions. This will sig-
nificantly vary the behavior of a system that is under
H* diffusion control.

The transport of H* through the gel matrix is
mainly a molecular diffusion process and the driving
force for this process is an H* concentration gra-
dient. For the most part of the pH range, this con-
centration gradient is small and so is the diffusion
rate. When a weak acid buffer, for example, AH/A™,
is added into the solution, by the reversible disso-
ciation reaction eq. (11), the conjugated base A~ will
pick up H* in the place where H* concentration is
high, diffuse through the matrix, and then release
H* in the place where H* concentration is low. The
recovered A~ will diffuse back and repeat the same
process until H* becomes even in all positions.
Through the whole process, the buffer acts as a car-
rier of H* whose diffusion path is parallel to the
diffusion of H* itself and whose diffusion driving

force is the concentration gradient of buffer conju-
gate acid. Because the buffer concentration can be
made much higher than the H* ion concentration,
the amount of H* transported via buffer may greatly
exceed the amount by the diffusion of H* itself and
then the buffer is facilitating the transport of H*.
When a polyelectrolyte basic gel that has been
preequilibrated at a buffer solution of high pH is
transferred into a buffer solution of low pH, a H*
concentration gradient will be set up between the
external solution and the gel matrix and drive H*
diffusing from the external solution into the matrix.
At the same time, the buffer conjugate acid concen-
tration gradient resulting from the uneven H* con-
centration distribution will augment the diffusion
process of H*, When the buffer concentration is
high, the concentration of the conjugate acid is high
and more H* ion can be facilitated into the matrix.
For a swelling process in which the diffusion of H*
ions is in control or plays an important role, the
facilitation function of the buffer will mean a lot to
the swelling kinetics. Therefore, a more rapid swell-
ing rate is expected when the buffer concentration
is increased. This expectation has been confirmed
by our experiment. In the experiment, several par-
allel sweiling processes of gels were conducted si-
multaneously in the buffer solutions that have the
same components, pH, and ionic strength but dif-
ferent concentrations. The gel specimens used in
these parallel swelling processes were cut from the
same piece of gel and had been preequilibrated in
the buffer, which is the same as the swelling buffer
except for the values of pH. The changes of swelling
degrees of these gels are displayed in Figures 7 and
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Figure 7 Experiment results showing the effect of buffer
concentration on the swelling and deswelling rates of gel
A. Squares, Cr = 0.03M; diamonds, Ct = 0.01M.



8. For both gel A and gel B, the swelling rate is
increased with the buffer concentration. This fact
indicates that the diffusion of H* is indeed one of
the controlling factors in a swelling process of a
polyelectrolyte gel in an electrolyte solution. We can
also see an almost indifferent initial swelling rate
at different buffer concentrations. This is because
at the very beginning of the swelling process, the
diffusion distance is short and the effect of diffusion
limitation is not very obvious. During these exper-
iments, we did not observe a systematic relationship
between equilibrium swelling degree and buffer con-
centration, therefore it is assumed that the equilib-
rium swelling degree of a gel is independent of buffer
concentration and small variations of equilibrium
swelling degree of a gel at the same pH but different
buffer concentrations are considered experimental
errors. An average equilibrium swelling degree of a
gel has been used in all buffers to make the com-
parison more clear. The curve of swelling degree vs.
time at each buffer concentration is correspondingly
moving up or down to keep the slope of the curve,
i.e., the swelling rate, unchanged during this ad-
justment.

Figure 9 shows the effect of total buffer concen-
tration on the kinetics of swelling as predicted by
our kinetic model, which takes into account the re-
sistances offered by both the diffusion of hydrogen
ions into the gel and the relaxation of polymer
chains. By comparing Figure 9 with Figures 7 and
8, it appears that the trends predicted by the model
agree fairly well with the trends observed in our ex-
periments.
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Figure 8 Experiment results showing the effect of buffer
concentration on the swelling and deswelling rates of gel
B. Solid square, C; = 0.03M; open square, Cr = 0.01M;
diamond, Cy = 0.005M.
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Figure 9 The effect of buffer concentration on the
swelling kinetics of gel, plotted from the data calculated
based on the diffusion-mechanical relaxation controlled
swelling model.

The swelling process is reversible when the swol-
len polyelectrolyte basic gel is moved into a buffer
solution of higher pH. In this case, the intramem-
brane H ion concentration is higher than that in
external solution and H* ions will diffuse out of the
gel matrix. As we discussed before, the decrease of
intramembrane hydrogen ion concentration will
lower the effective charge density of a basic gel and
therefore the electrostatic expansion force, which
will consequently induce a deswelling process in the
gel. With the same facilitation mechanism, buffer
is helping H* ions out the gel matrix. The higher
the buffer concentration, the faster H* ions are
moving out and the more rapid the deswelling rate.
This conclusion has been verified both experimen-
tally and theoretically (Figs. 7, 8, and 9).

From the discussion of buffer effect, a specific
factor for the proton diffusion, we suggested that
the diffusion of H* may be a controlling step in the
pH-sensitive swelling process of a polyelectrolyte
hydrogel.

The Effect of D

Another kinetic parameter that might affect the
swelling process is the relative diffusivity D. D is
defined as the ratio of the diffusivity of buffer con-
jugate acid AH to that of H* in the gel matrix. For
the diffusion of small molecules or ions through a
polymer matrix, if the electrostatic interactions be-
tween the diffusing particles and the charged poly-
mer chains are not concerned, the reduction of dif-
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fusivity of the diffusing particles results only from
the mean increase in path length of diffusion due to
the obstruction of impenetrable polymer chains.
Therefore, its effect on the diffusivities of neutral
species AH and ionic species H* should be the same
and the relative diffusivity D may equal one. Trav-
eling through a positively charged network, H ions,
however, as one of the co-ions in a cationic gel, can
avoid the electrostatic interaction with the fixed
charges, but will interact with the counterions, which
are highly concentrated in the intramembrane fluid.
As a result of this electrostatic interaction, H* ions
diffuse more slowly than neutral AH within the gel
and their relative diffusivity D will be greater than
1; even their diffusivities in solvent may be the same.

This expectation has been indirectly verified by
matching the experimental and computational re-
sults. Under low buffer concentrations, at a short
time during which diffusion control effect is not so
obvious, with D of value 1, the computed swelling
degree of the gel can match the experiment very
well. After a certain period of time, the swelling de-
gree calculated from D = 1 will start leveling off and
can never attain its expected equilibrium swelling
degree in a reasonable lab time scale (Fig. 10). If we
believe that in a real situation after a certain period
of time, a highly charged shell is formed that retards
the diffusion of H* but not that of neutral species
AH, then the influence of the buffer to the diffusion
is more obvious and the value of relative diffusivity
D may be larger than 1. Actually, a value of 3.5 of

Hydration Degree
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Figure 10 Influence of the value of relative apparent
diffusivity D on adequate model prediction of swelling ki-
netics. The points are experimental data, and solid and
dashed lines are computed results when the value of D is
3.5 and 1.0, respectively.

D can result in a good consistency between calcu-
lated values and experimental results during the
later stage of swelling.

The Effect of 1,

Retardation time 7 is a mechanical parameter char-
acterizing the viscoelastic property of a gel. When
aload is put on a gel specimen, a deformation occurs
to the gel. The value of 7, represents how well the
gel resists this deformation. A larger value of 7,
means a slower relative movement between gel
structure unit. If the deformation is to expand the
chain length of a crosslinked network for swelling,
7, will have same physical meaning as swelling time,
a concept proposed by Tanaka and Fillmore!? in
their swelling kinetics study.

From experimentally measured longitudinal
modulus and viscosity of the gel that is used in our
swelling experiment, the retardation time 7, is cal-
culated to have a value of 2.578 X 10* s. The mag-
nitude of swelling time has been observed to spread
in a wide range from 1.7 X 10® s by Grimshaw et
al."® for a PMAA gel membrane to 3.0 X 10* ~ 2.5
X 10° s by Tanaka and Fillmore'® for 2.5% poly-
acrylamide gel particles. This broad variation in
swelling time of course results from the different
compositions and physical properties of the gels that
were used in their measurements. In addition, ac-
cording to the definition of swelling time, it is also
dependent on some scaling argument, like the radius
of a gel particle or the thickness of a gel slab.

We feel that the swelling time defined from the
characteristic time of the mechanical motion equa-
tion does not reflect the true meaning of a mechan-
ical relaxation process in a gel. Take a non-Fickian
or Case 2 swelling process as an example. In either
case, the mechanical relaxation is important for their
initial swelling stage. During this initial stage, typ-
ically for a Case 2 swelling, only the outer layer of
gel is intruded by solvent and undergoes a mechan-
ical relaxation according to the advancing front
mechanism; the area beyond the front is still intact.
At this stage of swelling, the mechanical relaxation
going on in the outer shell of the gel has nothing to
do with the thickness of the gel membrane. The re-
laxation should be completely decided by the struc-
ture of the gel, the properties of the invading solvent,
and the interactions between them. But the thick-
ness does have something to do with the questions
that are raised in estimating the whole performance
of swelling of a gel, as when the advancing fronts
will meet to cause an abrupt increase of solvent in-
take and how hard the diffusing species can permeate
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through the membrane. In a non-Fickian swelling
where diffusion and relaxation share responsibility
for the swelling, it is hard to imagine how the thick-
ness can affect the local relaxation process.

Based on the argument described above, we feel

more comfortable to take the retardation time 7, as
a characteristic time in the description of mechanical
relaxation of the gel network. The decrease of 7,
means an increased rate of readjustment in the gel
structure in response to the change in conditions.
When the value of 7, is small enough, the readjust-
ment can proceed instantaneously and swelling be-
comes diffusion control. Inversely, the increase of
7, makes this readjustment difficult and its extreme
case will be the mechanical controlled swelling. Be-
tween these two extremes is the diffusion and re-
laxation incorporated control. Figure 11 is a com-
parison between experimental results and theoret-
ical prediction with a retardation time of 2 X 10*s,
which is not far from the experimental value of 2.6
X 10*s.

CONCLUSION

The diffusion of H* ions through polyelectrolyte
matrices is concluded as an important factor in gel
swelling processes by comparing theoretical analysis
with experimental results from the buffer effect on
the swelling kinetics of gels induced by the change
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Figure 11 Comparison between experiment and model
(diffusion-mechanical relaxation incorporated swelling)
data of swelling and deswelling processes at different buffer
concentrations. The points are from experiment and the
lines are from model. Solid square and solid line, Cp
= 0.03M; open square and dot-dash line, Cy = 0.01M;
diamond and dashed line, Cy = 0.005M.
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of pH of external solution medium. An unusual non-
Fickian swelling behavior observed in a rubbery
polymer was explained through mechanical relax-
ation of polymer chains. The swelling kinetics model
that accommodates the influence of buffer, mechan-
ical relaxation, and the change of gel hydration de-
gree shows good predictability.

NOMENCLATURE

C07 Cl

3} Mbl

k?, kif

Kl’ K2

Kapp

r
t
z

m

concentration of hydrogen ions in external
solution

concentration of species i in external so-
lution

concentration of fixed ionized groups in gel

concentration of fixed ionizable groups in
gel

concentration of electrolytes in external
solution

concentration of electrolytes inside gel

concentration of species i inside gel

total buffer concentration in gel

concentration of hydrogen ion reversibly
bound to the membrane

concentration of fixed ionizable groups in
solid polymer

diffusivity of species ¢

diffusivity of species i inside membrane

strain of a gel

hydration degree of gel, defined as the vol-
ume fraction of solvent to solid volume

ionic strength of external solution

rate constant of enzymatic reaction

backward and forward rate constants of
reversible dissociation reaction of spe-
cies [

equilibrium constants for protonation and
deprotonation of active form of enzyme,
respectively

apparent dissociation constant of ionizable
groups in membrane

equilibrium constant of reversible disso-
ciation reaction of species i

equilibrium bulk longitudinal modulus of
a gel

molar rate of consumption of species ¢

time

material distance coordinate

valency of ionizable groups in membrane

Greek Letters

[4

ratio of membrane area to corresponding
dry membrane area
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radius of pore

radius of diffusion species
diffusion flux of species i
thickness of solid gel membrane
Donnan ratio

dimensionless distance

charge density

crosslinking density

specific gravity of polymer
dimensionless time

relaxation time

volume ratio of polymer in gel
fixed distance coordinate
Flory interaction parameter
solvent partial molar volume
viscosity of gel

REFERENCES

1. G. Albin, T. A. Horbett, and B. D. Ratner, in Pulsed

& Self-Regulated Drug Delivery, CRC Press, Boca Ra-
ton, FL, 1990, p. 159.

. T. A. Horbett, B. D. Ratner, J. Kost, and M. Singh,

in Recent Advances in Drug Delivery Systems, J. M.
Anderson and S. W. Kim, Eds., Plenum, New York,
1983, p. 209.

. L. C. Dong and A. S. Hoffman, J. Controlled Release,

15, 141 (1991).

. L. Brannon-Peppas and N. A. Peppas, Chem. Eng.

Sci., 46, 715 (1991).

. P. d. Flory, Principles of Polymer Chemistry, Cornell

Univ. Press, Ithaca, 1953.

. P. E. Grimshaw, A. J. Grodzinsky, M. L. Yarmush,

and D. M. Yarmush, Chem. Eng. Sci., 44,827 (1989).

. B. A. Firestone and R. A. Siegel, JJ. Appl. Polym. Sci.,

43,901 (1991).

. Y. Chu, Response Characteristics of Monolith- and Er-

odible-Type Self-Regulated Drug Release Devices,
Ph.D. Thesis, University of Toledo, 1992.

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

. J. H. Nussbaum and A. J. Grodzinsky, J. Membr. Sci.,

8, 193 (1981).

R. A. Siegel and B. A. Firestone, Macromolecules, 21,
3254 (1988).

R. A. Siegel, in Pulsed & Self-Regulated Drug Delivery,
CRC Press, Boca Raton, FL, 1990, p. 129.

R. A. Siegel, Adv. Polym. Sci., 109, 233 (1993).

T. Tanaka and D. J. Fillmore, J. Chem. Phys., 70,
1214 (1979).

F. Helfferich, Ion Exchange, McGraw-Hill, New York,
1962.

P. E. Grimshaw, J. H. Nussbaum, A. J. Grodzinsky,
and M. L. Yarmush, J. Chem. Phys., 93, 4462 (1990).
E. Ruckenstein and S. Varanasi, Chem. Eng. Sci., 39,
1185 (1984).

J. S. Mackie and P. Meares, Proc. Roy. Soc. ( London,),
A232, 498 (1955).

N. A. Peppas and H. J. Moynihan, in Hydrogels in
Medicine and Pharmacy 2. Polymers, N. A. Peppas,
Ed., CRC Press, Boca Raton, FL, 1987, p. 49.

N. W. Tschoegl, The Phenomenological Theory of
Linear Viscoelastic Behavior, Springer-Verlag, New
York, 1989.

I. M. Ward, Mechanical Properties of Solid Polymers,
Wiley-Interscience, New York, 1971.

R. W. Baker, Controlled Release of Biologically Active
Agents, John Wiley, New York, 1987.

T. Alfrey Jr., E. F. Gurnee, and W. G. Lloyd, J. Polym.
Sci., Part C, 12, 249 (1966).

R. J. Kokes, F. A. Long, and L. J. Hoard, JJ. Chem.
Phys., 20, 1711 (1952).

P. E. M. Allen, D. J. Bennett, and D. R. G. Williams,
Eur. Polym. J., 28, 1173 (1992).

J. Janacek, J. Macromol. Sci., Revs. Macromol. Chem.,
C9,1(1973).

J. M. Engasser and C. Horvath, Biochim. Biophys.
Acta, 358, 178 (1974).

Received January 17, 1995
Accepted May 19, 1995





