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Abstract

Biocompatible and biodegradable pH-responsive hydrogels based on N-vinyl pyrrolidone (NVP), polyethylene
glycol diacrylate (PAC) and chitosan were prepared for controlled drug delivery. These interpolymeric hydrogels were
synthesized by a free radical polymerization technique using azobisisobutyronitrile (AIBN) as initiator and N,N %-
methylenebisacrylamide (BIS) as crosslinker. These hydrogels were subjected to equilibrium swelling studies in
enzyme-free simulated gastric and intestinal fluids (SGF and SIF). These swelling studies clearly indicated that these
hydrogels were swollen more in SGF when compared to SIF. Theophylline and 5-fluorouracil (5-FU) were entrapped
into these hydrogels and equilibrium-swelling studies were carried out for the drug-entrapped gels in enzyme-free SGF
and SIF. The in-vitro release profiles of the drugs were established in enzyme-free SGF. More than 50% of the
entrapped drugs were released in the first 2 h at gastric pH and the rest of the drug release was slower. © 2000
Elsevier Science B.V. All rights reserved.

Keywords: pH-responsive; Interpolymeric hydrogel; Equilibrium swelling; Drug-delivery

www.elsevier.com/locate/ijpharm

1. Introduction

Recent years have witnessed significant ad-
vances made in the controlled drug delivery tech-
nology using polymeric hydrogels. Stimuli-
responsive polymeric hydrogels, which swell or

shrink in response to changes in the environmen-
tal conditions, have been extensively studied and
used as smart materials for various biomedical
applications (Peppas, 1997; Kurisawa et al., 1998;
Langer, 1998). These polymeric hydrogels are be-
ing prepared from a limited number of synthetic
polymers and their derivatives such as copolymers
of methacrylic acid, acrylamide and N-isopropy-
lacrylamide (Kopecek et al., 1971; Suzuki and
Tanaka, 1990; Kokufuta et al., 1991;
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Kwon et al., 1991; Osada et al., 1992; Chen and
Hoffman, 1995; Yoshida et al., 1995; Holtz and
Asher, 1997). The design of a new biodegradable
and biocompatible stimuli-sensitive polymeric sys-
tems play a key role in the development of multi-
stimuli responsive biomaterials (Kurisawa and
Yui, 1998).

Chitosan, a natural polysaccharide exhibits
favorable biological properties such as biocom-
patibility, biodegradability and non-toxicity
(Muzzarelli, 1977; Akbuga, 1995). For several
years, chitosan has been largely evaluated as a
potential vehicle for drugs administered orally.
The development of hydrogel matrices incorpo-
rated with chitosan for oral drug delivery is still a
virgin area of study. Hence the current investiga-
tion deals with the development of a new chitosan
based hydrogel system for oral drug delivery to
the stomach region.

2. Materials and methods

2.1. Materials

NVP (Fluka, Buchs, Switzerland) was used as
obtained. PAC was synthesized in the laboratory
as reported earlier (Yamini et al., 1997). AIBN
was a gift sample from Flex Carpets, Wellington,
New Zealand and used after recrystallization from
methanol. BIS (SERVA, Hiedelberg 1-Carl-Benz-
Stra be 7, Germany), theophylline and 5-FU were
from SIGMA, St. Loius, USA. Chitosan (cata-
logue number: 44,887-7, medium mol. wt.) was
obtained from ALDRICH, Milwaukee, WI, USA
and used without further purification. All other
chemicals were reagent grade and used as
obtained.

2.2. Preparation of interpolymeric hydrogels

The macromonomer PAC and NVP were taken
in a ratio of 1:4 (w/w) as reported earlier (Yamini
et al., 1997). To this 2.5% (w/v) of a 5% aqueous
acetic acid solution of chitosan was added. About
3.5% (w/w) of AIBN and 2% (w/w) of BIS were
added based on the weight of the monomer. The
polymerization was allowed to proceed at 37°C

for a period of 3 h. Smooth cylindrical gels were
obtained. The hydrogels were extensively washed
with distilled water to remove any residual
monomer. The placebo gels (GCP) were air-dried
and stored until further use. Fig. 1 shows the
schematic preparation of the hydrogels. Hy-
drogels loaded with theophylline (GCT) and 5-FU
(GCF) were also prepared in the same manner as
placebo gels. Known amounts of drugs were
added to the reaction mixture, stirred thoroughly
and the polymerization carried out.

2.3. Determination of the amount of drug
entrapped

The amount of drug entrapped in the
poly[NVP-PAC]-chitosan hydrogels was deter-
mined by an indirect method. After the gel prepa-
ration, the washings were collected, filtered with a
0.45 mm Millipore filter and tested at lmax 273 and
267 for theophylline and 5-FU respectively using
UV/VIS spectroscopy. The drugs entrapped ex-
hibited the same lmax as the free drug. This clearly
indicates that the drugs entrapped have not un-
dergone any possible chemical reaction during the
matrix formation. The difference between the
amount of drug initially employed and the drug
content in the washings is taken as an indication
of the amount of drug entrapped.

2.4. Equilibrium swelling studies

The equilibrium swelling of the poly[NVP-
PAC]-chitosan hydrogels was determined by
swelling of the gel pellets in enzyme-free SGF and
SIF (see Japanese Pharmacopoeia XII). SGF (pH
1.2) was prepared by dissolving 2 g of sodium
chloride and 7 ml of concentrated HCl in 1 L of
distilled water. SIF (pH 6.8) was prepared by
mixing 250 ml of 0.2 M KH2PO4 and 118 ml of
0.2 N NaOH. The swelling study was carried out
at room temperature until equilibrium was at-
tained. The swollen weight of the pellet was deter-
mined by blotting the pellet every hour until
equilibrium was attained. The data represents
mean9S.D. from three independent experiments.

The percent swelling was calculated by the fol-
lowing equation:
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% swelling=
Wt−W0

W0

×100,

where W0 is the initial weight and Wt, the final
weight of the pellet at time t.

2.5. In-6itro release studies

The in-vitro release of the entrapped drugs,
theophylline and 5-FU were carried out by plac-
ing the hydrogel pellets loaded with the drug into
500 ml of SGF at 37°C in a Julabo SW.20C
shaking water bath incubator with reciprocating
motion (100 rpm). At periodic intervals 3 ml of
aliquots were withdrawn and tested at lmax 273
and 267 for theophylline and 5-FU respectively
using Hewlett Packard 8452A UV-VIS spec-
trophotometer. The release media were replaced
periodically with an equal volume of fresh SGF to
create infinite sink conditions. The data represents
mean9S.D. from three independent experiments.

3. Results and discussion

Chitosan, a natural polymer which exhibits pH
sensitivity (Patel and Amiji, 1996) was chosen to
develop interpolymeric hydrogels for oral con-
trolled drug delivery to the stomach region in
combination with NVP and PAC. Interpolymeric
hydrogels are formed when two monomers are
copolymerized in the presence of a polymer
(Ravichandran et al., 1997). We expected a kind
of intermixing of the polymeric systems to take
place when these polymers are crosslinked to form
polymeric networks. A totally new biodegradable
and biocompatible system was developed to
achieve stimuli responsive drug delivery. The
choice of the ratio of the comonomers NVP and
PAC was based on the swelling results of our
previous investigation (Yamini et al., 1997). The
gels prepared with PAC:NVP in a weight ratio of
1:4 exhibited higher swelling in physiological

Fig. 1. Schematic preparation of poly[NVP-PAC]-chitosan hydrogels.
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Fig. 2. Equilibrium swelling measurements of poly[NVP-
PAC]-chitosan hydrogels in SGF. Placebo (GCP), theophylline
loaded gel (GCT) and 5-FU loaded gel (GCF).

entrapped gels exhibited much lower swelling than
the placebo gels at equilibrium. This may be
attributed to the hydrophobic drug-polymer inter-
actions, which limit the diffusion of the fluids into
the partially swollen hydrogels. This may further
retard the equilibrium swelling of these hydrogels.
In the case of 5-FU loaded hydrogels, the swelling
at equilibrium is higher than the placebo gels
indicating the hydrophilic nature of the entrapped
drug. The presence of homogenously dissolved or
dispersed drug in poly(hydroxyethyl methacrylate)
beads was found to generate an additional os-
motic driving force which alters both the swelling
osmotic pressure and the associated time-depen-
dent relaxation of hydrogel network during the
simultaneous sorption of water and desorption of
drug (Lee and Kim, 1991). These chitosan-based
hydrogels are able to retain gel integrity for nearly
24 h after attaining equilibrium swelling in SGF
and later they degrade very slowly.

3.2. In-6itro release studies

The in-vitro release profiles of the theophylline
and 5-FU in SGF are shown in Fig. 4. As the gels
exhibited higher swelling at equilibrium in SGF,
the in-vitro release studies were carried out fur-
ther in SGF to achieve localized oral drug deliv-
ery to the stomach region. About 41% of
theophylline entrapped was released in the first 1

fluids when compared to the gels prepared with a
weight ratio of 1:8. The presence of a chitosan in
a small amount has imparted pH sensitivity to the
polymeric matrix. The concentration of chitosan
was limited to 2.5% after repeated trials with
higher concentrations of chitosan in the gel prepa-
ration. Gels formed beyond this limit were not
stable. This interpolymeric hydrogel was charac-
terized for equilibrium swelling and drug release
kinetics.

3.1. Equilibrium swelling studies

The percent equilibrium swelling of poly[NVP-
PAC]-chitosan hydrogels in SGF and SIF are
shown in Fig. 2 and Fig. 3. The placebo gel
exhibits 118% equilibrium swelling in SGF in 7 h
and 80% swelling in SIF obtained in 5 h.
Theophylline entrapped gels showed about 60%
swelling in SGF and 42% swelling in SIF and
attained equilibrium in 3 and 2 h respectively. The
5-FU entrapped hydrogels exhibited much higher
swelling at equilibrium. These gels were swollen to
180% in SGF and 160% in SIF at equilibrium
respectively. The swelling of all the gels was
higher in SGF when compared to SIF. These
hydrogels exhibit pH sensitive swelling due to the
presence of very small amounts of chitosan in the
interpolymeric gel matrix. This can be explained
due to the ionic interaction of the amino group of
chitosan in stomach pH conditions. Theophylline

Fig. 3. Equilibrium swelling measurements of poly[NVP-
PAC]-chitosan hydrogels in SIF. Placebo (GCP), theophylline
loaded gel (GCT) and 5-FU loaded gel (GCF).
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Fig. 4. In-vitro release profiles of theophylline (GCT) and
5-FU (GCF) loaded poly[NVP-PAC]-chitosan hydrogels.

4. Conclusion

A new pH responsive drug delivery system based
on interpolymeric hydrogel, poly[NVP-PAC]-chi-
tosan was developed for oral drug delivery. The
preparation of these copolymeric hydrogels was
carried out using a free-radical initiation tech-
nique. The equilibrium swelling measurements of
these hydrogels carried out in simulated fluids
clearly indicated the pH responsive nature of these
hydrogels. The in-vitro release profiles of
theophylline and 5-FU were established in SGF.
This preliminary investigation of chitosan based
interpolymeric pH responsive hydrogels indicates
that further modification of these hydrogels can
lead to the successful application for the localized
oral drug delivery to the gastric environment.
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