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Drug Release Mechanisms
From Composite Matrices
II. Experimental Issues

M.J. Abdekhodaie* and Y.L. Cheng'

In this paper, the theoretical issues governing release characteristics of a solute of composite
materials are validated experimentally, using composites of cross-linked poly (hydroxyethyl
methacrylate) (PHEMA) particles dispersed within ethylene vinyl acetate copolymer (EVAC)
matrices, and composites of cross-linked poly (methacrylic acid) (PMAA) particles dispersed
within poly (dimethyl siloxane) (PDMS) networks which were prepared. Using theophylline
and caffeine as the model drugs, the results of release, permeation and swelling experiments
were employed to validate the theoretical issues. In PHEMA-EVAc matrices, due to equilibrium
swelling, Fickian diffusional release kinetics was observed. In PMAA-PDMS matrices, which
contained 19%wt, 23.7%wt, 28.5%wt, 33.2%wt and 38%wt PMAA, because of osmotic
rupturing, pseudo-zero-order release kinetics preceded by a marked burst effect was observed. In
all the cases, the experimental results were in good agreement with the theoretical criteria for
equilibrium swelling versus osmotic rupturing. For the model predicting the extent of equilibrium
swelling, the maximum deviation of the swelling ratio compared to the experimental results for

different matrices was only 8.4%.

INTRODUCTION

Theoretical issues governing the release characteristics
of a solute of composites of hydrophilic and hydropho-
bic polymers have been investigated in the preceding
paper [1]. In that paper, theoretical criteria for
determining whether equilibrium swelling or osmotic
rupturing would occur were defined and a model for
predicting the extent of equilibrium swelling in the
presence of mechanical constraint was proposed. In
this paper, these theoretical issues are validated exper-
imentally.

Composites of cross-linked poly (hydroxyethyl
methacrylate) (PHEMA) particles dispersed within
Ethylene Vinyl Acetate copolymer (EVAc) matrices
and composites of cross-linked poly (methacrylic acid)
(PMAA) particles dispersed within poly (dimethyl
siloxane) (PDMS) networks were fabricated. Using
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theophylline and caffeine as the model drugs, the
results of permeation, release and swelling experiments
were used to validate the presented models.

MATERIALS AND METHODS

The materials used to prepare poly (hydroxyethyl
methacrylate) gel particles and films include 2-
hydroxyethyl methacrylate (Sigma Chemical Co., St.
Louis, MO), benzoyl peroxide (Fluka Chemika Inc.,
Ronkonkoma, NY) and ethylene glycol dimethacrylate
(Aldrich Chemical Co., Milwaukee, WI). The materials
for the hydrophobic networks were Elvax-40, a copoly-
mer of ethylene and vinyl acetate containing 40% vinyl
acetate, (Du Pont Canada Inc., Mississauga, Ont.) and
dichloromethane (Aldrich Chemical Co., Milwaukee,
WI). Theophylline (Sigma Chemical Co., St. Louis.
MO) was used as the model drug.

The materials for poly (methacrylic acid) gel par-
ticles and films include methacrylic acid and triethylene
glycol dimethacrylate (Polyscience Inc., Warrington,
PA), ethylene glycol (Fisher Scientific, Fairlawn, NI)
and ammonium persulfate and sodium metabisulfate
(Sigma Chemical Co., St. Louis, MO). For preparation
of the hydrophobic networks, Sylgard 184 silicon elas-
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tomer, base and curing agent (Dow Corning, Midland,
MI) was used. Citrate and phosphate buffer solutions
were prepared from citric acid monochydrate, sodium
citrate, sodium hydrogen phosphate, sodium dihydro-
gen orthophosphate and sodium azide (Sigma Chemical
Co., St. Louis, MO). Caffeine (Aldrich Chemical Co.,
Milwaukee, WI) was considered as the model drug.
There are two steps involved in making composite
materials; hydrogel preparation and dispersion of the
hydrogel in the hydrophobic network. Hydrogels were
prepared through free radical solution polymerization
with simultaneous cross-linking. PHEMA and PMAA
films were prepared according to the methods described
by Peppas et al. [2] and Sefton and Nishimura [3].
Ethylene glycol dimethacrylate with 0.005 nominal
cross-linking ratio (mole EGDMA /mole PHEMA) and
triethylene glycol dimethacrylate with 0.5 %wt were
used as the cross-linking agents for PHEMA and
PMAA, respectively. The resultant gel films were
washed using distilled water for three weeks, with the
wash liquid being changed daily. The gel films were
ground using a laboratory mixer and then the gel
particles were lyophilised. The lyophilised gel particles
and drugs were ground and sieved to the same particle
size and dispersed into the hydrophobic networks.
The solvent casting method was used to prepare
PHEMA-EVAc monoliths. Theophylline was ground
and sieved to the same particle size as the PHEMA
particles (< 38 um). Suspensions of PHEMA and thco-
phylline particles, with different fractions of PHEMA
and various levels of theophylline (Table 1), in a 10 %wt
EVAc / dichloromethane solution were prepared. Con-
stant stirring for one hour agitated the mixtures, to
disperse the particles through the polymer solution.
The resulting suspensions were poured quickly in pre-
cooled glass moulds, under a liquid nitrogen bath.
After a few minutes, they were placed in a vacuum
oven at room temperature for 5 hours to evaporate
the solvent. Then, the temperature of the vacuum
oven was increased to 80°C and was maintained at
this temperature for two weeks to degas the resultant
mixtures. The resulting matrices were melt-pressed
to form monoliths of 6 mm thickness. To complete
the degassing procedure, the monoliths were put again
in the vacuum oven at 80°C for two more weeks.
The degassed monoliths were melt-pressed to form a

Table 1. Composition of PHEMA-EVAc¢ matrices.

# | EVAc (g) | PHEMA (g) | Theophylline (g)
11 3.25 1.75 0.165
12 3.25 1.75 0.270
13 3.25 1.75 0.572
b—H 3.75 1.25 0.270
15 275 2.25 0.270
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Table 2. Composition of PMAA-PDMS matrices.

# | PDMS(g) | PMAA(g) | Caffeine (g)
1 2.800 0.700 0.185
2 2.625 0.875 0.185
3 2.450 1.050 0.185
4 2.275 1.225 0.185
5 2.100 1.400 0.185

monolith of 5 £ 0.1 mm thickness. Disks of 1.4 cm
diameter were cut from the monoliths.

PMAA-PDMS matrices were prepared using the
following procedure. Caffeine was ground and sieved
to the same particle size as the PMAA particles (120 —
180 pm and 255 — 350 pum). Sylgard 184 silicon
elastomer, base and curing agents in a ratio of 10 parts
base to 1 part curing agent by weight, were mixed and
then the PMAA and caffeine particles with different
compositions were added (Table 2). The resultant
mixtures were mixed and then cast in a Teflon mould
and degassed for 4 hours in the vacuum oven. The poly-
mer mixtures were then placed at room temperature
for 24 hours to complete the hydrosilyation reaction.
The cured PMAA-PDMS matrices were approximately
5 mm in thickness and were die cut to a diameter of
1.4 cm.

To minimize the effect of release from the sides
and to increase the effective thickness of the disks,
the sides and one end of the disks were scaled us-
ing the following procedure. Poly Vinyl Chloride
(PVC) tube with 1.4 cm diameter was cut into 3 cm
lengths and the disks were fitted into the PVC tubes.
These devices were put into test tubes filled with 20
ml distilled water for PHEMA-EVAc matrices, and
phosphate buffer solution for PMAA-PDMS matrices.
Therefore, the monoliths only were in contact with
the release medium from the bottom side. The
containers were stirred at a constant rate (750 rpm)
to reduce boundary layer effects. The tubes were
placed in a bath that provided temperature control
(37°C). At 24 hour intervals, the tubes were removed
from the bath, the liquid was replaced with fresh
water or phosphate buffer solution, and then the tubes
were again placed in the bath. The concentration of
each sample was determined by measuring the optical
density at the wavelength of maximum absorbance,
274 nm for theophylline and 272 nm for caffeine, using
a Hewlett Packard model 8452A UV - Vis spectropho-
tometer.

EQUILIBRIUM SWELLING OR OSMOTIC
RUPTURING
PHEMA-EVAc Matrices

In this section, the occurrence of either equilibrium
swelling or osmotic rupturing in PHEMA-EVAc ma-
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trices which contain 23.7%wt, 33.2%wt and 42.7%wt
PHEMA is predicted using the theoretical criteria
for equilibrium swelling versus osmotic rupturing pre-
sented in the preceding paper [1]. Then, the experimen-
tal results, obtained from the release and permeation
studies, are used for the experimental validation of the
theoretical issue.

Theoretical Prediction

To predict whether equilibrium swelling or osmotic
rupturing would occur, the profiles of the osmotic
pressure, 7%, and the retractive pressure, P, versus
polymer volume fraction in the swollen gel, vq,, or
elongation of the hydrophobic polymer, A, were ob-
tained. Since PHEMA is a neutral gel, the osmotic
pressure 7" is equal to the network osmotic pressure,
Tnet. Because of assuming a non-Gaussian distribution
of macromolecular chains and the presence of the
solvent during the cross-linking of PHEMA, the model
presented by Peppas et al. [4] was chosen to calculate
the osmotic pressure of PHEMA:

RT 1
Tnet == —-{[ln — V2,5) Jr“U2,s+XU§‘,s][1 N 3/1"3]3

L 2M. 13
@M (1 Mn )UQ,T(U.S,T

Yory(q 4 Lyt/3)2y,
2 N ( )

where R is the ideal gas constant, T is the absolute
temperature, V) is the molar volume of the swelling
agent, vs, is the polymer volume fraction in the
swollen gel, x i1s the Flory polymer-solvent interaction
parameter, M, is the molecular weight between cross-
links, M, is the number average molecular weight
before cross-linking, v is the specific volume of the
polymer, v, is the polymer volume fraction in the
relaxed polymer state, i.e., immediately after cross-
linking but before swelling; the term v, denotes
the ratio ve s /vs,, and N is the number of links per
chain and is given by N = 2M./M,., where M,
is the molecular weight of the monomer repeating
unit.

To obtain the osmotic pressure profile based on
Equation 1, the interaction parameter, the molecular
weight between cross-links and the number average
molecular weight of PHEMA are needed. The in-
teraction parameter depends on both temperature
and polymer volume fraction in the swollen gel, v, ;.
Janacek et al. [5] proposed the following equation to
obtain x for PHEMA at 37°C:

X = 0.32 4+ 0.904 v . (2)

Using vy, = 0.573 in Equation 2, obtained from
the swelling of the unconstrained PHEMA gel, v

was calculated (y = 0.838). Using the reciprocal
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of the equilibrium-swelling ratio of the unconstrained
PHEMA gel, the molecular weight between cross-links,
M., was obtained. For the unconstrained PHEMA gel
at equilibrium swelling, Equation 1 can be written as:

1 2

M., M,
Fln(l —v2,) +va,e + x03 [ — 0P

vo (Vs = Yu 1+ Fulf (3

As the polymerization of the HEMA occurred simul-
taneously with cross-linking, determining the number
average molecular weight of PHEMA, M, is very
difficult.  Following other studies [6], it has been
assumed that M, is large enough to neglect the term
2/M, in Equation 3. Substituting v = 0.785 cm?®/g,
Vi = 18 ecm®/mole, N = 2M,./130, vo, = 0.6 in
Equation 3 gives M. = 2795. Using the suitable
values in Equation 1 and considering 1 ~ (2M./M,,) =
1, =* versus vp, was determined. Considering the
relationship between vz s and A\, [A = (1/vy ()!/%], 7"
versus A was obtained.

To calculate the retractive pressure of the hy-
drophobic phase P, the method presented in [1] was
used. Since EVAc has extremely high extensibility
generated by low mechanical stress and complete re-
covery after mechanical deformation, it was considered
to be a rubber. Introducing the stress-strain profile
for rubbers in the general equation for calculating
retractive pressure gives:

1 1.« .
P =G{\ - XX}{[X(@ — 14 X))

ol (1 A ) (4)

A6
To obtain P versus rubber elongation A based on
Equation 4, the shear modulus, G, of EVAc and the
volume fraction of the hydrophilic agents in the matrix,
v, are needed. Using a Sintech Testing machine, the
Young modulus of EVAc (average of five specimens)
was measured as 0.365 +0.025 MPa {(mean + standard
deviation). Young modulus is related to shear modulus
by:
E =4
¢= 21+ v)’ (5)
where v is Poisson ratio equal to 0.5 for rubbers.
Therefore, G for EVAc was determined to be 0.122
MPa. Using the weight fraction of different components
in the matrix, ¢ is obtained as:

WPHEMA +wDrug%}[%i‘A .
w= ‘
WPHEMA T Whrug L‘:f;—EMgA +WEVAC %M‘*A
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where w; is the weight fraction of the ith component
and p; is the density of the ith component. Using
the values of G and ¢ in Equation 4, P versus A was
obtained.

The critical value for the extension ratio A, was
estimated using the yield point stress, the von Mises
criterion [7,8] and the stress-strain profile for rubbers.
Using Sintech Testing machine, the yield point of EVAc
for uniaxial stress was obtained (¢, = 10.6 £ 0.5
MPa). The von Mises criterion has been expressed
mathematically as [9]:

{o11 — 022)2 + (092 — 033)° + (o33 — 011)2
+6(0fy + 013 +033) 2 6C7. (7)

For uniaxial stress and symmetric biaxial stress, Equa-
tion 7 is reduced to 202 = 6C? and 202 = 6C?, respec-
tively, where o, and o, are the yield point stresses for
the uniaxial and biaxial tests, respectively. Therefore,
applying the von Mises criterion (Equation 7) provides
the same yielding criterion for uniaxial stress and
symmetric biaxial stress. Using the yield criterion and
the stress-strain profile for biaxial tension of rubbers:

o=G(\ - :\74—), (8)

the critical value for the extension ratio was obtained
(Ae = 9.33).

Figure 1 shows the osmotic pressure 7* and
the retractive pressure P, versus A of PHEMA-EVAc
matrices with different PHEMA contents (23.7%wt,

0.20
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i~ *
C‘: v
2
2
7
§ 0.10 -
Ay
23.7 wt% PHEMA
P
0.05 - 33.2 wt% PHEMA
]
42.7 wt% PHEMA
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A
Figure 1. Osmotic pressure and retractive pressure
profiles versus elongation of EVAc for PHEMA-EVAc

matrices with different PHEMA content of A. (critical
elongation) = 9.3.

M.J. Abdekhodaie and Y.L. Cheng

33.2%wt and 42.7%wt). Since osmotic pressure and
retractive pressure profiles intersected before the criti-
cal elongation of the hydrophobic polymer (Ag < A.),
the osmotic pressure in PHEMA capsules would be bal-
anced by the retractive pressure of EVAc. Therefore,
the theoretical criteria of equilibrium swelling versus
osmotic rupturing predicts that equilibrium swelling
should occur.

Ezxzperimental Results

In composites, several parameters can influence the
drug release rate. Some of these parameters, such as
the cross-linking density of the hydrophilic phase and
the mechanical properties of the hydrophobic phase,
depend on the characteristics of one phase, while other
properties, such as the hydrophilic content in the ma-
trix and the drug loading level, depend on formulation
factors. Here, effects of two formulation factors, the
hydrophilic content and the drug loading level, on the
cumulative release of theophylline from PHEMA-EVAc
matrices have been studied. The cumulative release
profiles of theophylline versus t}/% over 100 days for
three PHEMA-EVAc monoliths with different content
of PHEMA (12, 14 and I5 in Table 1) are shown in
Figure 2. Initial drug loading was 5 %wt and PHEMA
particle size was less than 38 pum. These results are
consistent with the expectation that as the content of
PHEMA gel in the monolith increases, the cumulative
release increases. Figure 3 illustrates the effect of
drug loading on the release profiles of PHEMA-EVAc
monoliths with different contents of theophylline (11-13
in Table 1). The PHEMA particle size was less than
38 pm.

The release mechanism can be ascertained by
fitting the cumulative release profiles to kt". Values
of n and k were calculated from both the linear
regression of {In M; = Ink + nint} and the nonlinear
regression of {M; = kt*}. The values of n and
k from both methods were very close and in the
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Figure 2. Effect of PHEMA content on the cumulative
release of theophylline from PHEMA-EVAc monoliths
(n = 2, range < graph resolution).
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Figure 3. Effect of drug loading level on the cumulative

release of theophylline from PHEMA-EVAc matrices
(n = 2, range < graph resolution).

worst case, the deviation was only 2.1%. For the
sake of simplicity and since in the worst case when
using linear regression the residual was only 0.3% of
the estimated value, the linear regression method was
chosen. The exponents in the time dependence, n,
and the regression coefficients, R?, for the cumulative
release profiles of theophylline for different PHEMA-
EVAc matrices are given in Table 3. For diffusional
release, the cumulative release profile is expected to
vary as /2. To determine if the values of n are
statistically equal to 0.5, the 95% joint confidence
region for the linear regression was obtained. In all
cases, the point corresponding to the values of n and
k, where k was obtained by linear regression with n
fixed at 0.5, is inside the 95% joint confidence region.
Therefore, in all cases the values of n are statistically
equal to 0.5 at the 95% confidence level. Experimen-
tally, it is difficult to satisfy all model assumptions
such as perfect sink conditions and constant diffusion
coefficient. This may cause slight deviations of n
from 0.5. However, the release behavior appears to
be Fickian and diffusional release was likely the rate-
controlling step.

Drug release may be governed by diffusional
release even when osmotic rupturing occurs. There-
fore, permeation studies have been undertaken to
determine whether osmotic rupturing has occurred
or not. Theophylline can permeate through both

Table 3. Linear regression analysis of {In M; =Ink

+nlnt} for curnulative release profiles of theophylline
from PHEMA-EVAc matrices.

# | n R?

1 0517 0.99981
P 0.525 0.99959
1 0.529 0.99949
14 0.482 0.99792
15 0.490 0.99996

n: the exponent in the time dependence,

2 . .
R~: the regression coefficient.
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Table 4. Results of permeation of theophylline through
PHEMA-EVAc membranes.

2 2
# MNswollen d .Cln(;s/s P flrgs/s k
111 1 0.361 0.574 0.910 0.631
111 2 0.465 0.862 1.079 0.799
IIT 3 0.559 1.111 1.170 0.949
III 4 0.653 2.337 2.171 1.077
I 5 1 19.677 11.236 1.751

Nswollen: PHEMA weight fraction in the swollen state,
P: permeation coeflicient,

D: diffusion coefficient,

k: partition coefficient of the given compound at 37°C.

PHEMA and EVAc, but the permeability of theo-
phylline through PHEMA is much higher than that
through EVAc. The values of the permeability of
theophylline through PHEMA and EVAc are 19.71078
cm?/sec and 0.271*1078 cm?/sec, respectively. When
the permeability of theophylline through the compos-
ite membranes is very close to that through EVAc,
diffusion through EVAc is likely the rate controlling
step, implying that no rupturing occurs. To ob-
tain permeability, diffusion coeflicient and partition
coefficient, “time lag” method [10] was used. The
results of the permeation studies are presented in
Table 4. Since the permeability of theophylline through
composite membranes was much smaller than that
through PHEMA and close to the permeability of
theophylline through EVAc (which was 0.271*1078
em?/sec), diffusion through EVAc was likely the rate
controlling step and rupturing most likely did not
oceur.

Comparison Belween Theory and Experiment

Theoretically, since osmotic pressure and retractive
pressure profiles of PHEMA-EVAc matrices with dif-
ferent contents of PHEMA (23.7%wt, 33.2%wt and
42.7%wt) intersected before the critical elongation of
EVAc (Figure 1; Ag < A.), equilibrium swelling should
occur. Experimentally, the release behavior appears
to be Fickian and diffusional release is likely the rate-
controlling step. In addition, the permeability of
theophylline through PHEMA-EVAc membranes was
much smaller than that through PHEMA and was
close to the permeability of theophylline through EVAc.
For this reason, permeation experiments indicate that
rupturing has not occurred. Therefore, experimental
results are in agreement with the model for the the-
oretical criteria of equilibrium swelling versus osmotic
rupturing.

PMAA-PDMS Matrices

In this section, the occurrence of either equilibrium
swelling or osmotic rupturing in PMAA-PDMS ma-
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trices is predicted using their respective theoretical
criteria. Then, the experimental results are used to
validate the theoretical predictions.

Theoretical Prediction

To predict whether equilibrium swelling or osmotic
rupturing would occur, the osmotic pressure profile of
PMAA and the retractive pressure profile of PDMS
should be obtained. Since PMAA is an ionic gel, the
osmotic pressure, 7, was calculated by:

Tt = Tnet + Tion- (9)

Due to the fact that Gaussian distribution has
been assumed for the macromolecular chain and the
presence of the solvent during the cross-linking of
PMAA, the network osmotic pressure m,.i was ob-
tained using the model presented by Peppas and
Merill [11]:

RT
Moot = = T[n(L = v2,0) +va,s + x03,
1

V; 2M, s 1 s
(1= o (2O S (222,
oM, M, Vo, T 2 vy, (10)

The ionic osmotic pressure, mio,, was calculated by [1]:

Vg g K,
22 )(

ion = RT
i A % 3 10n

) —vCil, (11)

where z_1is the charge of the gel, V,, is the molar volume
of astructural unit, v = vy +v_(where the electrolyte is
completely dissociated into v, cations and v_ anions),
and C7 is the mobile electrolyte concentration in the
external solution, respectively.

To calculate mper, two terms x and [(1 —
2M /M,)/(vM.)] are needed. Hasa and co-workers
[12,13] proposed the following equation to obtain the
value of y for non-ionized PMAA:

x =044 +0.6 vy ;. (12)

When the pH of the swelling medium is equal to
3, PMAA behaves as a non-ionized gel; therefore,
% = Tet- For equilibrated unconstrained PMAA, the
osmotic pressure is equal to zero. Thus, using the recip-
rocal of the equilibrium swelling ratio of unconstrained
PMAA in this medium [vy (pH = 3) = 0.207] and
applying Equations 10 and 12, [(1 — 2M./M,)/{vM.))
was obtained. The value of [(1 — 2M./M,)/(vM.)],
equal to 1.252*10™* mole/cm?, is independent of the
pH of the swelling medium. Since it was assumed that
most of the PMAA particles were isolated by PDMS
and electrolyte salts could not permeate through
PDMS, the value of x for swelling of encapsulated
PMAA should be equal to the x value for swelling of

M.J. Abdekhodaie and Y.L. Cheng

PMAA in deionized water. Using the reciprocal of the
equilibrium swelling ratio of unconstrained PMAA in
deionized water [vg (pH = 5.5) = 0.145] and [(1 -
2M /M) /(vM,)] = 1.252107* mole/cm?, V, = 66
em?®/mole [14] , z_ =1, K, = 6.19 [15] and Equations 9
to 11, x was calculated (y = 0.634). Using these values
in Equations 9 to 11 and taking the concentration
of the mobile ion in the external solution (phosphate
buffer solution) as vC; = 2.846*10~* mole/cm?, the
osmotic pressure profiles versus vy, were obtained.
Using the relationship between vy s and A,7* versus
A was obtained.

Since PDMS also has high extensibility generated
by low mechanical stress and complete recovery after
mechanical deformation, it was considered as a rubber.
Therefore, Equation 4 was used to calculate the re-
tractive pressure. Young modulus of PDMS, obtained
from uniaxial tensile testing of 5 samples, is 3.73£0.18
MPa. Using the relationship between Young modulus
and shear modulus (Equation 5), the shear modulus of
PDMS was calculated to be 1.24 MPa.

Based on the load-extension profile of PDMS in
uniaxial tension test, the failure of PDMS point was
very close to the yield point. Therefore, the critical
value for extension ratio A, was obtained from the yield
point stress, the von Mises criterion and the stress-
strain profile for rubbers. Using the yield point stress
of PDMS (o, = 2.33 £ 0.12 MPa, from five specimens)
and the stress-strain profile for rubbers, the critical
value for the extension ratio was obtained (A, = 1.45).

Figures 4a and 4b show the osmotic pressure, 7*,
and retractive pressure, P, versus rubber elongation,
A, of PMAA-PDMS matrices with different fractions
of PMAA (3%wt, 5%wt, 10%wt, 19%wt, 23.7%wt,
28.5%wt, 33.2%wt and 38%wt). When osmotic pres-
sure and retractive pressure profiles intersect before
the critical elongation of PDMS (Ag < A.), (Fig-
ure 4a; PMAA-PDMS matrices which contain 3%wt,
5%wt and 10%wt PMAA), the osmotic pressure in
the PMAA capsules is balanced by the retractive
pressure of PDMS. Therefore, the model for criteria
of equilibrium swelling versus osmotic rupturing pre-
dicts that equilibrium swelling should occur. When
osmotic pressure and retractive pressure profiles do
not intersect before the critical elongation of PDMS
(A > A:), (Figure 4b; PMAA-PDMS matrices
which contain 19%wt, 23.7%wt, 28.5%wt, 33.2%wt
and 38%wt PMAA), the osmotic pressure in PMAA
capsules exceeds the mechanical strength of PDMS.
Therefore, osmotic rupturing is expected.

Ezperimental Results

To determine whether equilibrium swelling or os-
motic rupturing would occur in PMAA-PDMS matri-
ces which contain 3%wt, 5%wt and 10%wt PMAA,
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Figure 4. Osmotic pressure and retractive pressure
profiles vs elongation of PDMS for PMAA-PDMS matrices
with different contents of PMAA A (critical elongation of
PDMS) = 1.45.

permeation studies were carried out. PMAA gel is
permeable to FITC-Dext (Mw = 4400) but PDMS
is not. In composites, when osmotic rupturing oc-
curs, aqueous pathways are produced. Therefore,
high molecular weight drugs can permeate through
these aqueous channels. When rupturing does not
occur, the PMAA particles are isolated by the hy-
drophobic walls. Since high molecular weight drugs
cannot permeate through PDMS, these drugs cannot
permeate through these composite membranes. In
the permeation experiments, FITC-Dext (Mw = 4400)
did not permeate through PMAA-PDMS membranes
which contained 10%wt PMAA, thus indicating that
no rupturing occurred.

Figures 5a and 5b demonstrate the cumulative re-
lease profiles of caffeine from PMAA-PDMS monoliths
with different fraction of PMAA (19%wt, 23.7%wt,
28.5%wt, 33.2%wt and 38%wt) and various particle
size of PMAA (120-180 ym and 255-350 pm). Initial
drug loading was 5%wt. As mentioned earlier, the drug
release mechanism consists of two stages: the first stage
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Figure 5. Effect of PMAA content on the cumulative
release of caffeine from PMAA-PDMS matrices with
different PMAA particle sizes, a) dp = 255-350 pm, b) dp
= 120-180um, (n = 3, error bars represent standard
deviations).

involves drug particles that are at, or very near, the
surface or connected to the hydrophilic particles that
are connected to the surface. These drug particles are
released quickly after immersion in an aqueous medium
(initial burst). In the second stage, which controls
the release behavior, dispersed particles are isolated
by the hydrophobic polymer walls. To eliminate the
effect of initial burst, release profiles should be analyzed
after the first day of release. To determine the release
behavior, the time dependence of each drug release
profile should be obtained. For this purpose, each
drug release profile was fitted to kt™ after the first
day of release. Values of n and k from both the
linear regression of {InM; = Ink + nlnt} and the
non-linear regression of {M; = kt™} were very close
and in the worst case, the deviation was only 1.9%.
Again, for the sake of simplicity and since in the worst
case, using linear regression, the residual was only 0.5%
of the estimated value, the linear regression method
was chosen. The exponents in the time dependence,
n, and the regression coefficients R?, for the cumula-
tive release profiles of caffeine from different PMAA-
PDMS matrices are presented in Table 5. For osmotic
rupturing, the cumulative release profile is expected
to vary directly with ¢. To determine if the values
of n are statistically equal to 1, the 95% confidence
region for the linear regression was obtained. In all
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Table 5. Linear regression analysis of {In M; = Ink

+nlnt} for cumulative release profiles of caffeine from

PMAA-PDMS matrices after the first day of release.

dp: 255-350 pm dp: 120-180 pum
P n R? n R?
19% 0.971 0.988 0.940 0.987
23.7% 0.962 0.992 0.957 0.986
28.5% 1.004 0.998 0.956 0.988
33.2% 1.007 0.993 0.978 0.989
38% 1.035 0.991 1.014 0.993

w: the PMAA content in the matrix,
n: the exponent in the time dependence,

R?: the regression coefficient.

cases, the values of n are statistically equal to 1 at
the 95% joint confidence level. Experimentally, it is
difficult to satisfy all model assumptions such as solute
release by convection and not diffusion and perfect
sink conditions. This may cause slight deviations
of n from 1. In any osmotic monolithic system. a
fraction of the solute will be released by dissolution
and diffusion {16,17]. Capsule rupturing and osmotic
release dominate the overall release mechanism, while
dissolution /diffusion may contribute to the release
profile. Therefore, the presence of a slight curvature
in the release profiles shown in Figures 5a and 5b is
an indication that these other effects may be present.
However. the release kinetics is very close to zero-
order, suggesting that osmotic rupturing is the dom-
inated release mechanism following the marked initial
burst.

Comparison Between Theory and Ezperiment

In PMAA-PDMS matrices which contained 3%wt.
5%wt and 10%wt PMAA, the osmotic pressure and re-
tractive pressure profiles intersected before the critical
clongation of PDMS, (Figure 4a; A < A.). Therefore,
the model for the theoretical criteria of equilibrium
swelling versus osmotic rupturing predicts that equi-
libriumn swelling should occur. Experimentally, FITC-
Dext (Mw = 4400) did not permeate through PMAA-
PDMS membranes which contained 10%wt PMAA,
thus indicating that no rupturing occurred. Therefore,
thie results of the permeation experiments agreed with
the prediction of equilibrium swelling.

In. PMAA-PDMS matrices which contained
0% w23 7% wt, 28.5%wt, 33.2%wt and 38%wt
PMAA osmotic pressure and retractive pressure pro-
files did not intersect before the critical elongation of
PDAMS (Figure 4b; Ap > Ay, Thercfore, osmotic
rupturing was predicted.  Experimentally, because of
osmotic rupturing, pseudo-zero-order release kinetics
preceded by a marked burst effect was observed. There-
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fore, experimental results agreed with the theoretical
prediction.

EXTENT OF EQUILIBRIUM SWELLING
PHEMA-EVAc Matrices

Theoretically, in equilibrium swelling, the osmotic
pressure of the hydrophilic phase should be equal to
the retractive pressure of the hydrophobic phase. To
predict the extent of equilibrium swelling of the gel.
the rubber elongation at the intersection of the osmotic
pressure and retractive pressure profiles, Ar, is needed.
The values of A\g for PHEMA-EVAc matrices which
contain 23.7%wt, 33.2%wt and 42.7%wt PHEMA were
obtained from Figure 1. Using the relationship between
the swelling ratio of the gel, Qmodel, and the rubber
elongation (Qmodel = /\dL) the swelling ratios of
PHEMA gel in PHEMA-EVAc matrices, Qumodel. Were
predicted.

In Table 6, the experimental data are compared
with the equilibrium swelling ratic of the hydrophilic
phase of PHEMA-EVAc¢ matrices based on the model
presented in {1], which predicts the extent of equilib-
rium swelling. The maximum percentage deviation
of the predicted swelling ratio from the experimen-
tal results for PHEMA-EVAc matrices with different
contents of PHEMA was only 8.4%. The predicted
equilibrium swelling ratio of the gel is not very sensitive
to the PHEMA content, but experimentally, a slight
dependence of the swelling ratio on PHEMA content
was observed. The high slope in the osmotic pressure
profile (Figure 1) causes less sensitivity of the predicted
swelling ratio on the PHEMA content. However, the
slight changes in the swelling ratio, which are given in
Table 6 do not seem to affect the important parameters
such as the diffusion coeflicient [18]. In another study,
by Lopour et al. {19, swelling experiments regarding
PHEMA-PDMS composites with different contents of
PHEMA were carried out. The equilibrium swelling
ratios for PHEMA based on the results of Lopour et
al. were also not very seusitive to the PHEMA content.
Because Lopour et al. did not report the required
parameters, the extent of equilibrium swelling cannot
be predicted theoretically. Therefore. a comparison

Table 6. Comparison of equilibrium swelling ratios of
PHEMA in PHEMA-EVAc matrices based on the model
predicting the extent of equilibrium swelling and the
experimental data.

"PHEMA Content !‘ B
in Composites Model | Experiment x Error % |

! (%owt) :
', 237 1750 615 N ET I
33.2 1,755 1655 U s
42.7 1750 L R
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could not be made between the data of Lopour et
al. and the theoretical predictions of the swelling
ratio.

PMAA-PDMS Matrices

In PMAA-PDMS matrices, which contained 3%wt,
5%wt and 10%wt PMAA, equilibrium swelling oc-
curred. The values of Ag for these matrices were
obtained from Figure 4a. Using the relationship
between the swelling ratio of the gel, @model, and
Mg, (Qmodar = A%), the swelling ratios of constrained
PMAA in different matrices were predicted.

Swelling experiments with PMAA-PDMS matri-
ces which contained 3%wt, 5%wt and 10%wt PMAA,
with two different particle sizes of PMAA (120-180 um
and 255-350 pum) have been completed.

The predicted equilibrium swelling ratio of the
hydrophilic phase was compared with the experimental
results in Table 7. The model for predicting the
extent of equilibrium swelling cannot account for the
particle size and, based on experimental observations,
the particle size is not an important parameter in
swelling. The maximum percentage deviation of the
predicted swelling ratio from the experimental results
for PMAA-PDMS matrices with different contents of
PMAA was 6.9%.

CONCLUSION

The occurrence of either equilibrium swelling or os-
motic rupturing in different matrices was predicted
using their respective theoretical criteria. Then, the ex-
perimental results were used to validate the theoretical
predictions. For PHEMA-EVAc matrices with different
PHEMA contents (23.7%wt, 33.2%wt and 42.7%wt),
the theoretical criteria for equilibrium swelling versus
osmotic rupturing predicts that equilibrium swelling
should occur. The results of permeation and release
experiments are in agreement with the theoretical
prediction. In PHEMA-EVAc matrices, because of
equilibrium swelling, Fickian diffusional release kinetics
were observed. For PMAA-PDMS matrices, the theo-
retical criteria for equilibrium swelling versus osmotic
rupturing predicts that equilibrium swelling should
occur in matrices which contain 3%wt, 5%wt and
10%wt PMAA and osmotic rupturing should occur
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when the PMAA content is 19%wt, 23.7%wt, 28.5%wt.
33.2%wt or 38%wt. The results of permeation and
release experiments are also in agreement with the the-
oretical prediction. In PMAA-PDMS matrices, which
contained 19%wt, 23.7%wt, 28.5%wt, 33.2%wt and
38%wt PMAA, because of osmotic rupturing, pseudo-
zero-order release kinetics preceded by a marked burst
effect were observed.

To validate the model for predicting the extent
of equilibrium swelling, swelling experiments with
PHEMA-EVAc matrices which contained 23.7%wt,
33.2%wt and 42.7%wt PHEMA, and PMAA-PDMS
matrices which contained 3%wt, 5%wt and 10%wt
PMAA were conducted. For the presented model,
which predicts the extent of equilibrium swelling, the
maximum percentage deviation of the swelling ratio
compared to the experimental results was only 8.4%.

NOMENCLATURE

*

je

mobile electrolyte concentration in the
external solution

E Young modulus

G shear modulus

M, molecular weight between cross-links

M, number average molecular weight
before cross-linking

M, molecular weight of the monomer
repeating unit

n exponent in the time dependence

N number of links per chain

P retractive pressure of the hydrophobic
polymer

P, critical value for the retractive pressure
of the hydrophobic polymer

R ideal gas constant

t release time

T temperature

Wi molar volume of the swelling agent

V. molar volume of a structural unit of a
polymer

W; weight fraction of the ith component in
the matrix

z_ charge of the gel

Table 7. Comparison of swelling ratio of PMAA in PMAA-PDMS matrices based on the model, predicting the extent of
equilibrium swelling and the experimental results; ¢ is the PMAA content in the matrix.

dp: 255-350 um dp: 120-180 um
@ Model Experiment Error% Experiment Error%
3% 1.99 2.13 -6.89 2.09 -5.11
5% 2.17 2.19 -1.28 2.14 1.31
10% 2.46 2.63 -6.46 2.56 -3.75
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Us,r

Vo, r

U2.s

RE

1.

(&3]

Flory polymer-solvent interaction
parameter
volume fraction of the hydrophilic
particles in a dry matrix
extension ratio (= r/rq)
critical value for the extension ratio
equilibrium extension ratio of the
hydrophobic polymer
number of ions, Poisson’s ratio
ionic osmotic pressure
network osmotic pressure
osmotic pressure of the hydrophilic
polymer
yield point stress
specific volume of the polymer
=v2,5/Va,r
polymer volume fraction in the relaxed
polymer
polymer volume fraction in the swollen
gel
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