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Purpose. Ammonio methacrylate copolymer is a pharmaceutical ex-
cipient widely used as a coating material for encapsulation of pellet
and tablet dosage forms. Because of the charged ammonio function
groups within the polymer, ionic drugs may interact with the coating
film while transporting through it. The kinetic swelling and drug per-
meation properties of the ammonio methacrylate copolymer mem-
branes were studied to delineate the effect of ionic interaction be-
tween the ionic drugs and the membranes.

Methods. The pH and ionic strength of the solutions and the charged
properties of drugs were varied to study the effects on the transport
properties through the membranes. Ambroxol was chosen as a model
cationic drug and aspirin as a model anionic drug.

Results. The degree of membrane swelling in the drug-free solution
decreases as the ionic strength increases but it is irrelevant to the pH.
With the presence of ionic drugs, the degree of membrane swelling is
affected by the drug species as well as the pH of the solutions in
addition to the effect of ionic strength. The degree of swelling for a
membrane in a solution containing aspirin is higher at a lower pH and
ambroxol is lower at a lower pH. Aspirin experiences a three-stage
permeation and ambroxol a two-stage one. The ion-exchange reac-
tion between the anionic carboxylic groups in aspirin and the cationic
ammonio groups in the membranes results in a slow permeation stage
during the transient state. The pseudo steady-state permeability for
each drug follows the trend as the degree of membrane swelling in the
drug media at various pH and ionic strengths. However, it is much
higher for aspirin than ambroxol although the degree of membrane
swelling is higher in an ambroxol solution than that in an aspirin
solution. The permeability of ambroxol through the membrane is
largely reduced because of the Donnan exclusion effect.
Conclusions. The interaction between ionic drugs with the cationic
groups in the membranes affects the ionic strength of the solutions
and results in a pH-dependent degree of swelling. The ionic interac-
tion also determines the drug permeation rates as well as the transient
permeation behaviors.

KEY WORDS: swelling; permeation; Eudragit RS/RL; ionic
strength; ion-exchange.

INTRODUCTION

Acrylate polymers and their derivatives are used widely
in the pharmaceutical industry as dosage excipients or coating
materials, which have been commercially available by the
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trade name of Eudragit (Rohm Phama, Germany) for many
years (1). Formulation with this kind of polymers has been
applied to dosage form for controlled release in oral drug
delivery as well as in transdermal therapeutic system (2,3).
Many copolymers of acrylic and methacrylic acid or ester with
various function groups have been developed to fulfill various
formulation requirements. Poly(ethyl acrylate-co-methyl
methacrylate-co-trimethylammonioethyl methacrylate chlo-
ride) [poly(EA-MMA-TAMCI)] is one such polymer with the
introduction of hydrophilic quaternary ammonio groups
(TAMCI) to modify the permeability of the acrylic and meth-
acrylic ester copolymer. The copolymers are produced by
bulk polymerization and available as solid granules or as
milled powder with composition of EAIMMA:TAMCI = 1:
2:0.2 (Eudragit RL-100) and 1:2:0.1 (Eudragit RS-100).
Pseudo-latex solutions of 30% solid content (Eudragit RL
30D and RS 30D, respectively) are obtained by directly dis-
persing the micronized polymer particles in water containing
sorbic acid as a preservative at elevated temperatures without
the use of an emulsifier.

Membranes or coatings prepared from the ammonio
methacrylate copolymers or their pseudo-latex solutions are
insoluble in the aqueous media over the physiological pH
range; however, the membranes are swellable and permeable
to drugs because of the ionizable quaternary ammonio
groups. Because of the difference in the content of the
TAMCI group in the polymer, Eudragit RL is more hydro-
philic than Eudragit RS, and the drug or water vapor perme-
ability is higher through the membrane made by the former
material than the later (4-7). The permeability of urea
through the Eudragit RL could be as high as 500-fold of that
through Eudragit RS (8). Blending those two copolymers, as
well as other acrylate polymers, has been suggested to adjust
the drug permeability in controlled release application (2,3).

The ionization of the quaternary ammonio groups can
significantly alter the swelling behavior of the polymer. The
effects of pH, buffer species, buffer strength, and ionic
strength on the drug release from the drug beads coated with
the cationic polymers have been investigated (9-13). It was
reported that the buffer species rather than the pH had a
significant effect on the hydration and hence on the drug
release from the coated beads. Increasing the ionic strength of
the dissolution medium could reduce the drug release rate
from the beads (13). However, the kinetic behaviors of mem-
brane swelling and permeation in the presence of ionic drugs
in the system have seldom been discussed.

It is the aim of the study to investigate the membrane
swelling and permeation of ionic drugs through the mem-
branes in the mediums with various pH and ionic strengths.
The interaction among the quaternary ammonio ions within
the membrane, buffer species, and the ionic drugs was exam-
ined to identify the transport mechanism of the ionic drugs
through the cationic polymer membranes.

EXPERIMENTAL

Materials

Ammonio methacrylate copolymers (Eudragit RL and
RS) were obtained from Rohm Pharma (Germany). Metha-
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nol and acetone of reagent grade were obtained from Merck.
Talc was obtained from Showa Chemicals (Japan) and dibutyl
phthalate was obtained from Nippon Shiyaku (Japan). Am-
broxol and aspirin were kindly provided by Standard Chem.
and Pharm. Co. (Tainan, Taiwan).

Membrane Preparation

Polymer granules of predetermined ratio of Eudragit
RL/RS 100 were dissolved in methanol/acetone (80/20, v/v)
solution. Talc (0.5% of the polymer) was added as an anti-
sticking agent and dibutyl phthalate (20% of the polymer)
was added as a plasticizer. The solution was thoroughly mixed
and degassed before pouring onto a fluoro-treated polyester
film supported by a 16 x 16 cm rimmed glass plate. The cast-
ing solution was allowed to evaporate freely in a hood for 3
hours at room temperature and then at 40°C for 1 hour. The
dry membrane, as well as the polyester film, was taken off
from the glass plate and was stored in a polyethylene sample
bag at room temperature before use. The membranes were
tested within 1 week after being prepared.

Swelling Study

The effects of pH and ionic strength of the buffer solu-
tion and ionic drugs themselves on the degree of swelling and
swelling kinetics of the cationic polymer membranes have
been studied. Buffer solutions were prepared by mixing diso-
dium hydrogen phosphate, hydrogen chloride, and sodium
chloride of adequate amounts in deionized water in order to
adjust to a particular pH or ionic strength for experiments. In
all the solutions with drug, the drug concentration was kept
the same as 5 mg/ml. The membranes were cut into adequate
sizes and vacuum dried until a constant weight was obtained.
The dry weight of the membrane sample was recorded as W,.
The membrane was dipped into the buffer solutions of se-
lected pH and ionic strength with or without drugs in the
flask. The flask was placed in a reciprocating shaker bath at
37°C and 50 rpm. The membrane sample removed from the
solution and weighed at predetermined interval until equilib-
rium swelling was achieved. The surface of the membrane was
wiped dry with tissue paper before each weighing. The weight
of the swollen membrane was recorded as W, and the weight
of the swollen membrane containing the drug was recorded as
W,,. The drug-impregnated membranes after vacuum drying
for 24 hours were weighed and recorded as W ,,. The degree
of swelling (SW), the degree of swelling in drug solution
(SWD), and the drug loading (DL) were determined as

_ WY B Wd
= Wd

Waia=W,
Wa

Woi=Waa

SwW W,

SWD = DL =

Permeation Study

A two-compartment side-by-side permeation cell was
used to characterize the permeation properties of ionic drugs
through the membranes. The detailed apparatus and proce-
dure are available elsewhere (14). The membranes had been
swollen in the drug-free medium before being placed into the
cell. The nominal thickness of dry membranes was kept
around 315 pm. The initial drug concentration in the buffer
solution of the donor side was 5 mg/ml. The receptor side was
filled with the same buffer solution but without drug. The
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concentration of the permeated drug in the receptor side (C,)
was monitored by an UV/Vis spectrophotometer through an
auto-sampling system. The permeability of a drug was deter-
mined from the pseudo steady-state permeation rates as fol-
lows:

|4 / dc, | dQ
P_Z—(Cl — C2)7~A—C1Eas C,>>Cy=0
where V'is the receptor volume, A is the membrane area (4.91
cm?), [ is the membrane thickness (dry thickness was used
here to make comparison among membranes with different
degrees of swelling), C, and C, are the donor and receptor
concentration of drug, respectively, Q (=C,V) is the total
permeated amount of drug through the membrane. The mass
transfer boundary layer resistance near the membrane surface
was estimated to be negligible (15,16).

RESULTS AND DISCUSSION

Effect of pH on the Membrane Swelling

The swelling kinetics for the ammonio methacrylate co-
polymer membranes immersed in buffered solution of various
ionic strengths at pH from 1.2 to 6.7 are shown in Figure 1. It
is found that the swelling kinetics as well as the equilibrium
swelling is almost the same for membranes in different pH
buffered solutions with the same ionic strength. Because the
degree of swelling is highly related to the permeability of
solutes through membranes (17), the results correlate well
with the drug release properties reported in the literature. It
has been reported that the release of the drug from the poly-
mer coated beads or tablets were independent of the pH in
vitro as well as in vivo (2,18). In addition, the permeability of
Eudragit RL/RS was claimed to be “independent of pH” as
suggested in the manufacture’s product data sheet (19). It
should be noted that our results were obtained when the pH
of the buffer solution was adjusted by the same series of salts.
However, the outcomes could be altered if different organic
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Fig. 1. The swelling kinetics for membranes in buffered drug-free
solutions at various ionic strengths and pH. (Eudragit RL/RS = 50/50
v/Iv%, Talc = 0.5%, DBP = 20%, and n = 4).
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acids were used to adjust the pH (9,13). The interaction of the
quaternary ammonio groups in the polymer with different
buffer species may be different, and the degree of ionization
of the functional groups is affected so that the degree of mem-
brane swelling and the drug release rate became pH-
dependent. Later we will see that the degree of swelling be-
comes “pH-dependent” when ionic drug is present in the
same buffered solutions.

Effect of Ionic Strength on the Membrane Swelling

The equilibrium degree of swelling was significantly af-
fected by the ionic strength as shown in Figure 1. The increase
of ionic strength would result in a decrease of the equilibrium
degree of swelling. The increase of ionic strength was ad-
justed by increasing the ionized salt concentration so that the
osmotic pressure in the solution increases. The swelling of the
membrane can be restricted due to the increase of osmotic
pressure in the solution (10,13). The situation is similar to the
so-called “salting-out” effect, as the solubility of the hydro-
phobic portion of the polymer in the buffered solution de-
creases because of increasing of the salt concentration. In
addition, the common ion effect due to the presence of chlo-
rine ion in solution limits the ionization of the quaternary
ammonio groups (TAMCI) so that the degree of swelling is
reduced.

Effect of Ionic Drugs on the Membrane Swelling

The presence of ionic drugs in the media could signifi-
cantly affect the degree of membrane swelling (Fig. 2 and
Table I). The degree of membrane swelling in a buffered
ambroxol solution is similar (pH 6.7) to or just 20 % lower
(pH 1.2) than that in the buffered solution free of drug. How-
ever, the degree of swelling for a membrane in a buffered
aspirin solution is largely reduced (48 to 65% lower than that
in the buffered drug-free solution). The dissociated cationic
ammonio groups in membranes may precipitate when they
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Fig. 2. The swelling kinetics for membranes in buffered drug solu-
tions at pH = 1.2 and 6.7. (Eudragit RL/RS = 50/50 v/v%, Talc =
0.5%, DBP = 20%, 1 = 0.138, drug concentration = 5 mg/ml, and n
= 4).
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Table I. Degree of Swelling and Drug Loading for Membranes
Equilibrated with Drug Solutions”

Aspirin Ambroxol
(pH 1.2) (pH 6.7) (pH 1.2) (pH 6.7)
SWD  037+0.02 0.252+0.004 0.557 +0.009 0.70 + 0.04
DL 0.17+0.02  0.067+0.005 0.146 £0.003  0.154 +0.01

“ Eudragit RL/RS = 50/50 w/v%, Talc = 0.5%, DBP = 20%, I =
0.138, drug concentration = 5 mg/ml, and n = 4.

interact with the carboxylic groups in aspirin so that the de-
gree of membrane swelling is reduced.

It is found that the degree of swelling for a membrane in
a solution containing aspirin is higher at a lower pH and
ambroxol is lower at a lower pH (Fig. 2). Because aspirin is a
weak acid drug, the dissociation of aspirin is limited at a lower
pH. The ionic strength for the aspirin solution is lower at a
lower pH as a result. Because of the same reason proposed
above, the degree of swelling for the membrane in an aspirin
solution is higher at a lower pH than that at a higher pH. On
the other hand, ambroxol is a weak base drug so that it may
dissociate better in a solution of lower pH. The ionic strength
for the ambroxol solution is higher at a lower pH. The degree
of swelling for the membrane in an ambroxol solution is lower
at a lower pH than that at a higher pH. The ionic strength
affected by the degree of dissociation of the drug at different
pH levels plays a key role in determining the degree of mem-
brane swelling. The degree of swelling of the ammonio meth-
acrylate copolymer behaves “pH-dependent” when ionic
drugs are present in the solutions.

The drug loading in the membrane also depends on the
pH of the solution. As shown in Table I, the higher degree of
swelling would result in higher drug loading. When the mem-
brane is better swollen, the space between polymer chains
dilates more for drug molecules entering the membrane. It
has been reported that the drug loading in Eudragit RS mi-
crospheres also relates to the degree of drug dissociation in
solutions of various pH. When drug dissociates poorly, mo-
lecular drug can be absorbed better in the interstitial space
between polymer chains and the drug loading is higher (20).
The same arguments can also be applied to explain the drug
loading data in this study.

Swelling Rate and the Equilibrium Degree of Swelling

It is of interest to note that the rate of swelling depends
on the equilibrium degree of swelling. The more membranes
swell the longer time they may take to reach their equilibrium
as shown in Figures 1 and 2. It is reasonable to consider that
swelling kinetics is related to the viscoelastic relaxation (or
creep) of the polymer chains in response to the swelling stress.
However, swelling is different from mechanical stress relax-
ation or creep because the swelling agent may interact with
the polymer and results in change of the relaxation rate con-
stant. The phenomena can be semi-quantitatively explained if
water sorption in the membrane is modeled as simultaneous
diffusion and a rapid and reversible immobilization reaction
(21,22). Only unbound water can diffuse freely so that the
apparent water diffusion coefficient is reduced to be D/(1+K),
where D is the true diffusion coefficient of free water and K
is the equilibrium constant in the reversible water immobili-
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zation reaction. The higher equilibrium degree of swelling
results in larger K and thus lower apparent water diffusion
coefficient. The swelling may take longer time to reach equi-
librium and have smaller relaxation rate constant. Neverthe-
less, sorption of water is not the sole reason to account for the
swelling kinetics, and the swelling may include the transport
of buffer species and drugs and the interaction among all the
components in the systems. The proposed mechanism is con-
sidered because water is the main swelling agent responsible
for the membrane swelling process.

Drug Permeation Properties

Drug permeation profiles through the ammonio methac-
rylate polymer membranes at various ionic strengths are
shown in Figures 3 and 4 for aspirin and ambroxol, respec-
tively. It is interesting to note that anionic and cationic drugs
behave differently in transient permeation through the mem-
branes. For all the cases studied, there is an initial fast per-
meation (Stage I) and then followed with a slow-down period
(Stage II). It is speculated that such a fast initial permeation
is due to non-interactive solute diffusion through the swollen
region within the membranes. Averaged initial permeabilities
with comparable values (1.5-3.5 x 10”7 cm?/min) are obtained
for all cases no matter the drug species, pH, or ionic strength
(Fig. 5). Aspirin may have a slightly higher permeability than
ambroxol, but the difference is not significant. At this stage,
the membranes are at a non-equilibrium state. The pendent
function groups in the polymer main chains as well as the
main chains are relaxing from the equilibrated state estab-
lished before encountering drug molecules. The permeation
rate varies with time until Stage II. Such transition generally
takes time in the order of several hundred minutes similar to
the time needed for the swelling kinetics to reach equilibrium.
This may be a time characteristic of the polymer membrane in
response to external stimulus, and it is related to the visco-
elastic properties of the ammonio methacrylate polymer used
to fabricate the membrane as well as the slowly developed
interaction among all the species present in the system.

After the initial non-interactive permeation, the interac-
tion between the ionic drugs and the quaternary ammonio
groups becomes significant. The electric repulsion or attrac-
tion occurs thereafter and tends to slow down the permeation
rate for both anionic and cationic drugs. Ambroxol tends to
reach a slow pseudo-steady state (Stage II) because of the
build-up of repulsive force between the cationic moieties of
the drug and in the membranes. The effect is known as Don-
nan exclusion (23,24). A two-stage permeation is observed for
ambroxol (Fig. 4). Aspirin also has a slow permeation period
(Stage II) after the initial fast permeation but the reason is
different from that for ambroxol. The anionic carboxylic moi-
eties in aspirin can interact with the cationic ammonio groups
in the membrane and an ion-exchange reaction occurs to im-
mobilize aspirin molecules (25). The permeation rate is re-
duced because less aspirin molecules free from immobiliza-
tion are available for permeation. When all the cationic sites
in the membrane are saturated with the anionic moieties of
aspirin, the permeation tends to achieve a pseudo-steady state
(Stage III) at a rate comparable to the magnitude of the initial
fast permeation rate. A three-stage permeation is resulted for
aspirin (Fig. 3). Except the permeation rate, the two-stage
(ambroxol) or three-stage (aspirin) permeation behaviors are
similar in a medium of different ionic strength (Fig. 3 and 4).
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Fig. 3. Accumulated aspirin permeated amount per membrane area
(= Q/A) as a function of time for (a) I = 0.138, (b) I = 0.5, and (c)
I = 1.0. (Eudragit RL/RS = 50/50 v/v%, Talc = 0.5%, DBP = 20%,
donor concentration = 5 mg/ml, and n = 4).

Unlike the initial permeability, the pseudo steady state
(Stage II for ambroxol and Stage III for aspirin) permeability
for each drug highly depends on the ionic strength and pH of
the medium (Fig. 6). The pseudo steady-state permeability
decreases significantly as the ionic strength of the medium
increases. The permeability of aspirin is higher at pH 1.2 than
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Fig. 4. Accumulated ambroxol permeated amount per membrane
area (= Q/A) as a function of time for (a) I = 0.138, (b) I = 0.5, and
(¢) I = 1.0. (Eudragit RL/RS = 50/50 v/v%, Talc = 0.5%, DBP =
20%, donor concentration = 5 mg/ml, and n = 4).

1600

that at pH 6.7, and that of ambroxol is lower at pH 1.2 than
that at pH 6.8. The trends are the same as those of the degrees
of membrane swelling in the buffered drug solutions (Fig. 2).
It seems that the degree of swelling plays an important role in
drug permeation. According to Yasuda’s free volume theory,
the higher degree of swelling of membrane would result in
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Fig. 5. Initial drug permeability through the membranes as a function
of ionic strength at pH = 1.2 and 6.7. (Eudragit RL/RS = 50/50
vIv%, Talc = 0.5%, DBP = 20%, drug concentration = 5 mg/ml,
and n = 4).

larger free volume available for diffusion of water-soluble
drug and thus higher permeability is obtained in a conse-
quence (17).

The pseudo steady-state permeability also depends on
the drug species. Ambroxol has much lower pseudo steady-
state permeabilities than aspirin in media of the same ionic
strength and pH (Fig. 6), although the membrane encounter-
ing ambroxol experiences higher degree of swelling than that
encountering aspirin. The large difference in permeabilities
cannot be solely correlated by their relative molecular sizes.
Donnan exclusion of the membrane to its co-ion (ions with
charge of the same sign) is responsible for the much lower
permeability of ambroxol. In addition to the effect of the
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Fig. 6. Pseudo steady-state drug permeability through the mem-
branes as a function of ionic strength at pH = 1.2 and 6.7. (Eudragit
RL/RS = 50/50 v/v%, Talc = 0.5%, DBP = 20%, drug concentra-
tion = 5 mg/ml, and n = 4).
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degree of swelling, the interaction of the ionic drug species
with the membranes strongly determines the permeation
rates as well as the permeation behaviors of the drug trans-
port through the membranes.

CONCLUSIONS

In the drug-free buffered solutions, the degree of swell-
ing for the ammonio methacrylate membranes is independent
of pH but depends on the ionic strength of the solutions. With
the presence of ionic drugs, the degree of membrane swelling
is related to the drug species as well as the pH of the solutions
in addition to the effect of ionic strength. The degree of mem-
brane swelling in a buffered ambroxol solution is similar (pH
6.7) to or 20% lower (pH 1.2) than that of a buffered drug-
free solution. On the other hand, the degree of membrane
swelling in an aspirin solution is largely reduced (48 and 65%
lower than that in a drug-free solution) because of the ionic
interaction between the cationic ammonio groups in the
membranes and the carboxylic groups in aspirin. The degree
of swelling for membranes in the solution containing aspirin is
higher at lower pH and ambroxol is lower at lower pH. The
degree of the dissociation of ionic drugs may vary due to the
change of pH in the solutions so that the ionic strength of the
solutions varies accordingly. It is the ionic strength of the
solution that dominates the membrane swelling instead of the
solution pH itself.

The permeation of ionic drugs is strongly affected by the
ionic interaction between the drug species and the quaternary
ammonio groups in the membranes. In a transient perme-
ation, there is an initial fast permeation for both model drugs
possibly because of a non-interactive transport mechanism.
Ambroxol may have a cationic repulsive interaction with the
membranes so that it attains a slow pseudo-steady state per-
meation after the initial fast permeation and performs a two-
stage behavior. Anionic carboxylic groups in aspirin can in-
teract with the cationic ammonio groups in the membranes
and an ion-exchange reaction occurs. The permeation rate is
reduced because of the ion-exchange reaction and results in
the slow down after the initial fast permeation. When all the
cationic sites are saturated with the anionic permeates, the
permeation tends to achieve a pseudo-steady state at a higher
rate comparable to the magnitude of the initial fast perme-
ation rate. Aspirin experiences a three-stage permeation. The
pseudo steady-state permeability for each drug depends on
the ionic strength and pH of the solution as it can be quali-
tatively explained by the Yasuda’s free volume theory accord-
ing to their relative values of the degree of membrane swell-
ing data. However, it is much higher for aspirin than am-
broxol although the degree of membrane swelling is higher in
ambroxol solution than that in aspirin solution. The pseudo-
steady state permeability of the ambroxol is largely reduced
resulting from the Donnan exclusion effect. It has been dem-
onstrated that the interaction between the ionic drug species
with the cationic groups in the membranes highly determines
the drug permeation rates as well as the permeation transient
behaviors.
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