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Abstract . In this study, the feasibility of the application of polyelectrolyte gel network as a pH-sensi-
tive drug delivery system was examined. Copolymer of 2-acrylamido-2-methyl-1-propane sulfonic acid
(AMPSA) and butyl methacrylate(BMA) was prepared as random copolymer network(RCN) and
that of acrylamide(AAm) and AMPSA was prepared as interpenetrating networks(IPNs). Hydrocorti-

sone and edrophonium chloride were used as model drugs and were loaded into gel networks using

dispersion and ion exchange methods, respectively. The drug release patterns were closely related

to the pH-dependent swelling behaviors of gel networks and the mode of drug loading.

INTRODUCTION

Much interest has been focused on the proper-
ties of polyelectrolytes because of their scientific
interest and technological importance.!™ In par-
ticular, stimulisensitive polyelectrolytes have a po-
tential application in the area of swelling-controll-
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ed drug delivery systefn because these polyelec-
trolytes not only respond to external stimulus but
also control the release rate of solute loaded in the
polyelectrolyte network.

In this study, polyelectrolyte gel networks were
prepared as model polymer networks in an at-
tempt to investigate the feasibility of application as

113



Soon Hong Yuk, Sun Hang Cho, Byung Chunl Shin, Sung Su Kim, and Hai Bang Lee

a pH-sensitive drug delivery system. Two polymer
systems, random copolymer network(RCN) and
interpenetrating networks(IPNs), were prepared
as model gel networks for pH-sensitive drug deli-
very systems. Copolymer of 2-acrylamido-2-
methyl-1-propane sulfonic acid(AMPSA) and butyl
methacrylate(BMA) was prepared as a model net-
work for RCN and that of acrylamide(AAm) and
AMPSA was prepared as a model network for
INPs. Hydrocortisone and edrophonium chloride
were used as model drugs and were loaded into
gel networks using dispersion and ion exchange
methods, respectively. Drug release patterns in re-
sponse to the environmental pH change were ob-
served in the view points of the swelling behaviors
of gel networks and the mode of drug loading.

MATERIALS AND METHODS

Materials. AAm monomer was purchased from
Junsei chemical.(Japan) N,N’-methylenebisacryl-
amide(NMBAAm), ammonium persulfate(APS),
sodium pyrosulfite(SPS), ethyleneglycol dimeth-
acrylate(EGDMA), AMPSA, BMA, and poly
AMPSA aqueous solution(10 wt %) were purchas-
ed from Aldrich Chemical Co.(USA) Azobisiso-
butyronitrile (AIBN), hydrocortisone, edrophonium
chloride were purchased from Sigma Chemical Co.
(USA) BMA was purified by distillation with re-
duced pressure under nitrogen and all other
chemicals were used without further purification.

Preparation of Drug-Loaded Gel Networks. For
release experiments, two model drugs were loaded
into RCNs and IPNs using dispersion or ion ex-
change methods. The preparation methods of RCN
and IPNs were presented elsewhere.*!% After pre-
paration of gel networks, the swollen gel was cut
into disk(diameter : 2.5 cm and thickness : 0.5cm)
and stored in the sealed bottle to maintain the
swollen state of gel network until use.

For the preparation of hydrocortisone-loaded
RCN, swollen gel(the weight of dried gel : 70 mg)

was placed in 50ml of a saturated solution of hy-
drocortisone for 3 days. The loading amount was
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approximately 20 weight %.

For the preparation of hydrocortisone-loaded
IPNs, polymerization for the preparation of IPNs
was performed with hydrocortisone contained in
the reaction mixture. The reaction mixture was
consisted of AAm, NMBAAm as a crosslinker, hy-
drocortisone, and poly AMPSA dissoived in dis-
tilled water. Redox initiators were added to the
reaction mixture to initiate the polymerization.
The aqueous solutions of SPS(3.5g/25ml) and
APS(10 g/25 ml) were used as redox initiators and
0.25 ml of each component of redox initiators was
added to reaction mixture. Because of the limited
solubility in water(0.28 mg/ml),* hydrocortisone
was most likely dispersed in the reaction mixture.
The reaction mixture was mixed thoroughly using
sonicator(Sonics & Materials INC, USA) at 60 W
for 1 minute before the addition of initiators. Poly-
merization was performed between the two Mylar®
sheet separated by a silicone rubber gasket and
backed by glass plates at 40C for 12 hours. After
polymerization, the gel network was removed from
the mold and immersed in distilled water for 3
hours to remove the unreacted compound. Al-
though hydrocortisone was released from the gel
network during the purification, the release
amount was within the range of 10wt % of the
total dispersed hydrocortisone. The loading
amount was approximately 23 weight %.

Edrophonium chloride was loaded in salt form
into the gel network by an ion exchange method
which was described elsewhere.! The ion ex-
change method will be discussed briefly. The swol-
len gel(the weight of dried gel : 50 mg of RCN or
IPNs) was equilibrated for 1 day in 300 ml of 0.5 N
NaOH aqueous solution to convert SO;D(where
DCl is edrophonium chloride). Physically entrap-
ped solute was washed out completely by soaking
in distilled-deionized water. The loading amount in
RCN was approximately 12 wt % and that in IPNs
was 25wt % after purification. The feed composi-
tion for the gel network used in this study is
shown in Table 1.

Release Experiment. Solute release experiments
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Table 1. Feed Composition for Polyelectrolyte Gel Networks

(unit : g)

Composition

Category Sample code

AAm PolyAMPSA AMPSA BMA NMBAAm EGDMA AIBN WATER DMF

RCN AMPSA/BMA - - 146
IPNs AMPSA/AAm 3.88 1.16 —

3.94 - 0.01 0.01 - 10
— 0.12 — - 40 —

were performed at two pH conditions(pH=1 and
7) (Temperature : 37.5C). The pH of release me-
dia was controlled by the addition of HCl. The to-
tal ionic strength of each aqueous media was
adjusted to 0.1M with a calculated amount of
NaCl.

The solute release experiment with a pulsatile
pH change of aqueous media was carried out to
observe an on-off pulsation of drug from the gel
network.

The amount of released drug was measured by
taking 1 ml of the release media at specific time
points, replacing the total release media(20 ml)
with fresh one to maintain sink condition. The
drug concentration was assayed at 248 nm for hy-
drocortisone and 273 nm for edrophonium chloride
using a UV spectrophotometer(Shimadzu, Japan).

RESULTS AND DISCUSSION

For the study on the pH-dependent drug release
experiment, hydrocortisone and edrophonium ch-
loride were used as model drugs and loaded in the
gel network using different modes of drug loading.
Neutral drug, hydrocortisone, was physically en-
trapped inside the gel network using dispersion
method and ionic drug, edrophonium chloride, was
ionically bound inside the gel network using ion-
exchange method.

In the swelling-controlled drug delivery system,
the swelling behaviors of polymer system in res-
ponse to the environmental change is the major
factor for understanding the drug release pattern.
Fig. 1 shows the reversible swelling changes of
RCN and IPNs. Under acidic conditions(pH=1.0),
sulfonic groups were protonated and the gel net-
work deswelled. As the pH of the aqueous media
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Fig. 1. Reversibie swelling change of polyelectrolyte
gel networks in response to pulsatile pH change. RCN

(1) IPNs (@).

was increased from pH 1.0, the concentration of
negatively charged sulfonic group increased result-
ing in a drastic increase in swelling. This phenom-
enon was reversible.

Fig. 2 and 3 show hydrocortisone release pattern
from RCN and IPNs, respectively. The overall re-
lease rate increased with pH decrease of release
media. Since hydrocortisone was physically entrap-
ped inside the gel network, the release pattern
was closely related to the swelling behaviors of gel
network. As described previously, ' the swelling of
gel network decreased with the pH change of re-
lease media from pH 7 to 1. Therefore, the inc-
rease of release rate in response to pH change
could be explained in terms of the bulk squeezing
effect caused by the deswelling of gel network.

Although the degree of swelling variation in res-
ponse to environmental pH change was almost
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Fig. 2. Release of hydrocortisone from RCN at two pH
conditions. pH=1 ([]) pH=7 (@).
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Fig. 3. Release of hydrocortisone from IPNs at two pH
conditions. pH=1 ([]) pH=7 (@).

same,” the release amount of hydrocortisone from
IPNs is two times larger than that from RCN. This
might be attributed to the interaction between hy-
drocortisone and polymer networks. In other
words, hydrophobic interaction between hydrocor-
tisone and butyl methacrylate is dominant in RCN,
therefore, the release of hydrocortisone from RCN
was hindered by the hydrophobic interaction.
However, the aforementioned interaction is not
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Fig. 4. Release of hydrocortisone from gel networks
in response to the pulsatile pH change. RCN ([])

IPNs (@).
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Fig. 5. Release of edrophonium chloride from RCN in
response to the pulsatile pH change.

dominant in IPNs because IPNs do not have hy-
drophobic moiety in the gel network such as butyl
methacrylate in RCN.

The release pattern of hydrocortisone with pul-
satile pH change was observed, however, it did not
show the significant pulsatile pattern as shown in
Fig. 4. The marginal pulse might be attributed to
the bulk squeezing caused by the pulsatile pH
change.

Fig. 5 and 6 show the release pattern of edro-
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Fig. 6. Release of edrophonium chloride from IPNs in
response to the pulsatile pH change.

phonium chioride from RCN and IPNs, respec-
tively. The release of edrophonium chioride in re-
sponse to the environmental pH shows an on-off
pulsation. Since all physically entrapped solute was
extracted by washing with distilled-deionized wa-
ter, only ionically bound solutes exist inside the
gel network. In the acidic condition, the ion
exchange between a positively charged solute and
hydrogen ion took place at the site of SO;D group
in the gel network. The freed drug caused by the
ion exchange diffused out from the gel network
and the diffusion of drug from the gel network was
enhanced by the swelling decrease(bulk squee-
zing). Apparent on-off pulsation was observed in
the release of edrophonium chloride from RCN
(Fig. 5) comparing with that from IPNs(Fig. 6).
This might be attributed to the differences in re-
versible swelling pattern of polymer networks in
response to pulsatile pH change as shown in Fig.
1. Reversible swelling variation in response to pul-
satile pH change was more significant in the case
of IPNs(see Fig. 1).

From Figs 4, 5 and 6, pulsatile release pattern
in response to pulsatile pH variation was observed
in the release of edrophonium chloride and the
marginal pulse was observed in the release of hy-
drocortisone. Because the release pattern of hy-
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drocortisone could only be affected by swelling
changes of gel network and pulsatile release of hy-
drocortisone was marginal, the effect of sqiteezing
(bulk swelling change) on the pulsatile release
was a minor factor. The squeezing could-enhance
the pulsatile release of freed drug as shown in the
release of edrophonium chloride, which resulied in
the complete on-off pulsation.

CONCLUSIONS

RCN and IPNs were prepared as model gel net-
works which showed pH-dependent swelling be-
haviors. Based on the character of model drugs,
hydrocortisone and edrophonium chloride were
loaded into the gel network using dispersion and
ion exchange methods, respectively.

In the release of hydrocortisone, the release
pattern was mainly regulated by the bulk squeez-
ing effect caused by the deswelling of gel network
but did not show the significant pulsatile release
in response to the pulsatile pH change.

In the release of edrophonium chloride, the re-
lease pattern could be explained by two steps, the
ion exchange between a positive charged solute
bound ionically to sulfonic group and hydrogen ion
in the acidic condition and the diffusion of freed
drug. Because the release pattern of edrophonium
chloride was enhanced by bulk squeezing caused
by deswelling, it showed the pulsatile release pat-
tern in response to pulsatile pH change.

REFERENCES

1. Y. H. Bae, T. Okano, and S. W. Kim, Makromol.
Chem. Rapid Commun., 8, 481 (1987).

2. S. Higuichi, T. Mozawa, M. Maeda, and S. Inoue,
Macromolecules, 19, 2263 (1986).

3. A. S. Hoffman, A. Afrassiabi, and L. C. Dong, [
Controlled Release, 4, 213 (1986).

4. 1. C. Kwon, Y. H. Bae, T. Okano, and S. W. Kim,
J. Controlled Release, 17, 149 (1991).

5. J. Ricka, and T. Tanaka, Macromolecules, 18, 83
(1985).

6. K. Sawahata, M. Hara, H. Yasunaga, and Y. Osada,

117



Soon Hong Yuk, Sun Hang Cho, Byung Chunl Shin, Sung Su Kim, and Hai Bang Lee

J. Controlled Release, 14, 253 (1990). 10. S. H. Yuk, S. H. Cho, B. C. Shin, S. S. Kim, and
7. S. H. Yuk, B. C. Shin, S. H. Cho, and H. B. Lee, H. B. Lee, Polymer(Korea), 17, 669 (1993).

Polymer(Korea), 14, 675 (1990). 11. S. Budavari, “The Merck Index”, ed by S. Buda-
8. S. H. Yuk, S. H. Cho, and H. B. Lee, Pharm. Re- vari, p. 4711,

search, 9, 955 (1992). 12. L C. Kwon, Y. H. Bae, T. Okano, B. Berner, and
9. S. H. Yuk, and Hai Bang Lee, /. Polym. Science : S. W. Kim, Macromol. Chem. Macromol. Symp., 33,

Part B : Polymer Physics, 31, 487 (1993). 265 (1990).

118 Polymer (Korea) Vol. 18, No. 1, January 1994



