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Several composite hydrogels were synthesized by free radical crosslink copolymerization of acrylic acid
(AA) and N’ methylene bis-acrylamide (MBA) in the presence of chitosan (CS). During polymerization
CS was incorporated in situ in the crosslinked polyacrylic acid gel to produce composite hydrogels. The
structure and properties of the hydrogels were characterized by FTIR, '*C NMR, DTA-TGA, XRD, swelling
and diffusion characteristic and also network parameters. The loading and the in vitro release behaviours
of theophylline and tinidazole model drugs were studied with these hydrogels. The wt% of CS and MBA
and pH of the medium was found to strongly influence the drug release behaviour of the gels. Accordingly,
the release rate of these two drugs was much faster at pH of 7.6 than at pH 1.5.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Most of the hydrogels are widely used as drug carrier because
of its high swelling in water, soft pliable nature, biocompatibil-
ity and biodegradability. It can absorb large quantities of water or
physiological solutions while the absorbed solutions are not remov-
able even under pressure. In the swollen state, these gel networks
become soft and rubbery, resembling a living tissue. No additional
treatment is required for removal of these biodegradable delivery
systems after end use (Bertzaetal.,2013). These smart polymers are
obtained by covalent crosslinking or non-covalent crosslinking of
natural or biocompatible synthetic polymers (Islam & Yasin, 2012).
Natural polymers are abundant and thus less expensive. Further,
these polymers are non-toxic, biocompatible and biodegradable.
However, hydrogels based on natural polymer are of poor mechan-
ical strength (Ahn, Choi, & Cho, 2001; Lorenzo, Fernandez, Puga, &
Concheiro, 2013). On the other hand most of the hydrogels based
on synthetic polymers are mechanically durable but not biodegrad-
able. Further, these synthetic hydrogels are expensive and also
vulnerable to shear degradation (Sionkowska, 2011). Thus, hydro-
gels made by combining biocompatible synthetic polymers like
various acrylic polymers with natural or semi-synthetic biopoly-
mers based on polysaccharides or proteins have been widely
explored to achieve high concentration of drugs in the specific
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region or tissue and the controlled release profile for extended time
periods (Bertza et al., 2013; Matricardi, Meo, Coviello, Hennink, &
Alhaique, 2013; Zhou, Zhang, Zhang, & Chen, 2011). For preparing
gel a natural polymer and a synthetic polymer may be combined
by some chemical reactions like grafting of a synthetic polymer
on a natural polymer (Sokker, Abdel Ghaffar, Gad, & Aly, 2009;
Zhang, Wang, & Wang, 2007), IPN formation by crosslinking one
or both polymers (Yanga, Chena, Pana, Wanc, & Wang, 2013; Yue,
Sheng, & Wang, 2009; Zhang et al., 2007), semi-IPN microspheres
blend formation from natural and synthetic polymers such as
polyvinyl alcohol and hydroxyethyl cellulose (Sullad, Manjeshwar,
& Aminabhavi, 2010a, 2010b), gelatin and hydroxyethyl cellulose
(Kajjari, Manjeshwar, & Aminabhavi, 2011) by emulsion crosslink-
ing, in situ polymerization of a monomer in the presence of a
natural polymer, etc. (Samanta & Ray, 2014). In grafting the syn-
thetic monomer in small quantity is allowed to polymerize in the
matrix of a base or trunk polymer where the monomer polymer-
ize as well as form chemical bond with the base polymer. Free
radicals are also generated on the base polymer and the macro-
radicals take part in graft copolymerization with the monomer.
Crosslinking also occurs by formation of chemical bonds among
macroradicals of the base polymer (Panic, Madzarevic, Husovic, &
Velickovic, 2013; Wang & Wang, 2010). For producing a stable gel
network there should be a good balance of grafting and crosslinking.
However, highly reactive macroradicals or monomer radicals like
acrylic radicals cause more of grafting and homopolymerization
than crosslinking (Bhattacharya, Rawlins, & Ray, 2009). Further,
the base polymer in a graft copolymerization is selective only to a
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specific number of monomers. Another way of combining a natural
and synthetic polymer is to polymerize small amount of a synthetic
monomer in aqueous solution of a natural polymer. However, for
free radical solution polymerization, total monomer concentration
in water should be at least 15-20 wt% (Samanta & Ray, 2014) while
itis difficult to make an aqueous solution of a natural polymer with
polymer concentration >5 wt% because of its high molecular weight
and thus high viscosity of the solution. Thus, modifying a hydrogel
of a natural polymer with a synthetic polymer by in situ polymer-
ization of small amount of a synthetic monomer is difficult. Hence,
semi- and full IPN type composite hydrogels are made by in situ
incorporation of a natural polymer in the polymerization reaction
mixtures of synthetic monomers. Accordingly, in the present work
CS was incorporated in polyacrylic acid gel by in situ incorporation
during crosslink copolymerization of acrylic acid and MBA in water.
Acrylic acid monomer was chosen since its polymer viz. polyacrylic
acid (PAA)is a pH responsive polyelectrolyte which has been exten-
sively used for drug delivery to specific sites of gastrointestinal tract
(Ahn et al., 2001). However, extensive swelling of uncrosslinked
PAA in water limits its applications in drug delivery because of its
dissolution before delivery of drug (Ahn et al., 2001). Thus, in the
present work PAA was crosslinked with comonomer crosslinker
MBA and subjected to interpenetration with CS for achieving sta-
ble network of a gel. MBA was chosen because of its use in drug
delivery systems (Jameela, Lakshmi, James, & Jayakrishnan, 2002;
Samanta & Ray, 2014). Among the various natural polymers CS was
chosen because of its high molecular weight, high charge density
and mucoadhesive properties leading to its wide spread use in drug
delivery systems (Rao, Naidu, Subha, & Aminabhavi, 2006; Rokhade,
Shelke, Patil, & Aminabhavi, 2007). In PAACS composite gel apart
from crosslinking of PAA, a polyelectrolyte complex is also formed
by electrostatic interaction of cationic CS and anionic PAA which
increases further the stability of the gel. The hydrogels made from
CS and PAA have also been reported by many researchers. A novel
hydrogel made from CS, PAA and attapulgite was reported to show
high swelling in water (Zhang et al., 2007). Torre et al. prepared
hydrogel of CS and PAA by blending these two polymers in aque-
ous acetic acid solution followed by freeze drying to produce the
network without any chemical crosslinking and amoxicillin drug
was incorporated in situ in the blend network (Paloma, Torrea,
Enobakharea, Torradob, & Torrado, 2003). Ahn et al. carried out
template polymerization of acrylic acid in the presence of CS by
UV radiation and this polyelectrolyte hydrogel was reported for
transmucosal drug delivery system (Ahn et al., 2001). In a similar
way, Shim and Nho prepared CS-PAA hydrogel without any chemi-
cal crosslinker by gamma radiation and this hydrogel was reported
for release of 5-fluorouracil drug (Shim & Nho, 2003).

From the above discussion it is evident that hydrogels based on
CS and PAA have been widely used for study of drug release. How-
ever, in these studies hydrogels were prepared either by blending
PAA and CS or polymerizing acrylic acid in the presence of CS by UV
or gamma radiations. In these gels no chemical crosslinkers have
been used and stability of these gels depends on freeze drying and
formation of polyion complexes between cationic CS (due to its
NH;3* group) and anionic PAA. In the present work several hydro-
gels have been prepared by crosslink copolymerization of varied
amounts of acrylic acid and MBA for obtaining stable gel networks.
In these hydrogels varied concentrations of CS were incorporated
in situ during polymerization and the resulting composite hydro-
gels were used for release of two important drug viz. tinidazole and
theophylline. Tinidazole or 1-(2-ethylsulfonylethy)-L-2-methyl-5
nitroimidazole drug is mainly used for treatment of intestinal
amoebiasis and other colon infections and also for periodontitis.
However, this synthetic antibiotic has some potential hazards like
peripheral neuropathy and convulsive seizures (Tracy & Webster,
1996). Thus, effective release of low dosage of this drug at colon

using a colon targeted specific drug delivery system is desirable
(Krishnaiah, Bhaskarreddy, Satyanarayana, & Karthikeyan, 2002).
Because of good solubility in acidic medium, this drug is also
expected to have good solubility in the present mucoadhesive
PAACS hydrogel. Similarly, theophylline is a methylxanthine drug
used as a bronchodialator for treatment of asthma and chronic
obstructive pulmonary disease (COPD) by oral or intravenous route.
However, clinical use of this drug is limited because of its adverse
effects like nausea, vomiting, tachycardia, headache, seizure and
agitation (Mastiholimath, Dandagi, Jain, Gadad, & Kulkarni, 2007).
Thus, sustained delivery of the required concentration of the drug
using a polymer hydrogel like the present PAA-CS composite gel
would eliminate the side effects of the drug. Thus, in the present
work the PAA-CS hydrogels were used for study of sustained release
of these two important model drugs.

2. Materials and methods
2.1. Materials

Chitosan (CS) was kindly donated as free sample by Indian Sea
Food, Cochin. It was used without any further purification. The
comonomer crosslinker N,N’-methylene bisacrylamide (MBA, from
Merck) and the redox pair of initiators ammonium persulfate (APS,
from Fluka) and sodium metabisulfite were of analytical grade and
used without any further purification. The monomer acrylic acid
(AA, Merck)was used after vacuum distillation. The drugs theophyl-
line and tinidazole were purchased from Loba Chemicals, Mumbai,
India and used as obtained.

2.2. Methods

2.2.1. Preparation of hydrogel

At first PAA gels were prepared at varied initiator, total
monomer (AA), crosslinker (MBA) concentration in a three necked
reactor placed on a constant temperature bath and fitted with a
stirrer, a thermometer pocket and a condenser at 30 °C. For prepar-
ing composite gel varied concentrations, i.e., 0.5, 1.0 and 2.0 wt% of
CS was made in deionized water containing 2 wt% of acetic acid ina
250 mL glass beaker by gradual addition of required amount of CS to
obtain a viscous solution of CS. The required amount of CS solution
and AA monomer was then poured into the reactor. Temperature
was maintained at 30°C and aqueous solution of initiators was
added to the reactor followed by the addition of MBA (crosslinker).
After polymerization the reaction mixture was cooled to ambient
temperature. Hydrogel obtained was cut into small blocks and then
immersed into double distilled water for 48 h to remove water
soluble oligomer, uncrosslink polymer and unreacted monomers
from the gel. The gel obtained was dried in a vacuum oven at 60°C
to a constant weight. The dried gel, also called xerogel was then
disintegrated in a blender.

2.2.2. Yield, sol and gel content of the hydrogel

The hydrogels as prepared above were first dried to a constant
weight (m¢) in a vacuum oven and then it was taken in water and
kept for a week with occasional shaking to remove the water sol-
uble part from the hydrogel. The water insoluble gel sample was
further dried (xerogel) in vacuum oven to a constant weight (mgy).
Yield, gel and sol% was obtained as

Yield% = ™€ « 100 1)
i
Gel% =14 . 100 2)
mc
Sol% = 100 — Gel% (2a)
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where m; is total weight of monomers (acrylic acid and MBA) and
CS used for synthesis of gel.

2.3. Characterization of the hydrogels

2.3.1. Fourier transform infrared (FTIR) spectroscopy

FTIR spectra of the drug free and drug loaded hydrogel samples
were recorded on a FTIR spectrometer (Perkin Elmer, model-
Spectrum-2, Singapore) using KBr pellet made by mixing KBr with
fine powder of the drug free and drug loaded gel samples (10:1
mass ratio of KBr to polymer, for only drug sample 50:1 ratio of KBr
to drug was used).

2.3.2. 13C (nuclear magnetic resonance, NMR) spectra

13C NMR spectra of the CS and PAA-CS composite gel samples
were taken on NMR Bruker MSL 500 MHz spectrometer. The spec-
tra of the hydrogels were obtained after seasoning and milling to
particle sizes ranging from 300 to 425 mm. All measurements were
carried out at room temperature.

2.3.3. Thermal analysis

Differential thermal analysis (DTA) and thermogravimetric
analysis (TGA) of the hydrogel samples were carried out in a Perkin
Elmer instrument in nitrogen atmosphere at the scanning rate of
10°C/min in the temperature range of 25-600°C.

2.3.4. X-ray diffraction (XRD)

Wide angle XRD profile of the gel samples was studied at room
temperature in a diffractometer (model: X’'Pert PRO, made by PAN-
alytical B.V., The Netherlands) using Ni-filtered Cu K, radiation
(A=1.5418A) and a scanning rate of 0.005° (26/s). The angle of
diffraction was varied from 2 to 72°.

2.4. Swelling and deswelling experiments

For studying dynamic swelling properties the xerogel samples
were immersed in double distilled water at ambient temperature
and mass of the swollen gel sample (m,) was taken at different time
intervals until there was no change of mass with time. The swelling
ratio (SR) of the hydrogels was determined by using the following
Eq. (3).

SR="t"d (3)

mq

The amount of water absorbed by the different hydrogels under
equilibrium conditions, also called equilibrium swelling ratio (ESR)
was obtained when mass of the hydrogel (m.) did not change any
more with time. For deswelling, the equilibrated hydrogels were
quickly taken out and weighed (me) after removing the excess
water from its surface with tissue paper. This swollen gel was then
weighed at several time intervals (mg;) till there is no change in
weight. The water retention (WR) was defined as

WR = 25 % 100 (4)

2.5. Study of drug loading and entrapment efficiency of the
hydrogel

Drug loading and entrapment efficiency of the hydrogel sam-
ples were carried out by similar experiments as reported elsewhere
(Huaetal.,2010).For drugloading the hydrogel samples of specified
weight (m;) were first swollen in 100 mL water-ethanol mixture
(20% ethanol (v/v)) of constant pH and ionic strength (pH 1.5 sim-
ulating gastric fluid and 7.5 simulating intestine fluid and ionic
strength 0.1 mol/L) and containing specified amount (m,) of the-
ophylline or tinidazole drug. After 72 h of swelling, the drug loaded
wet hydrogel samples were carefully taken out from the solution

and washed with the same solution to remove free drug from the
sample. Drug loading (DL) and entrapment efficiency of the hydro-
gel sample was determined as

mg —m;

DL (mg/g hydrogel sample) = m
i

(5)

Entrapment efficiency (%) = % x 100 (5a)

(o]

where my is weight of the drug loaded dry hydrogel sample.
2.6. Invitro drug release studies

In vitro release of the drugs from the hydrogel samples was
carried out at 354 0.5°C using Indian Pharmacopoeia (IP) Disso-
lution Test Apparatus Type 2 (paddle method) at a rotation speed
of 50 rpm in 100 mL of buffer (pH 1.5 and 7.5) for 7-9 h. The drug
loaded wet samples obtained from drug loading test were first dried
overnight at ambient condition followed by drying in a vacuum
oven at 50°C for another three days. The drug loaded dry samples
were then immersed in buffer solution of same composition. At
several time intervals 5 mL of the solution containing released drug
was withdrawn and at the same time 5 mL fresh solution was added
to keep the solution volume constant. The concentration of drug
in the withdrawn solution was analyzed by UV-vis spectropho-
tometer (Lamda 25, Perkin Elmer, Singapore) at Amax 0f 272 nm for
theophylline and 310 nm for tinidazole using a calibration curve
constructed from a series of the drug solutions of known concentra-
tions. All release experiments were carried out in triplicates and the
average values were considered. The drug release % was obtained
as

mdrug — Myelease % 100 (Sb)

Drug release (%) =
Mrelease

where mgy,g is mass of drug loaded gel sample and M¢jease is Mass
of drug released in the solution.

3. Results and discussion
3.1. Synthesis of composite hydrogels

In the present work acrylic acid and MBA undergoes free
radical crosslink copolymerization in water in the presence of
CS. During free radical polymerization two acrylic monomers
copolymerize with two vinyl (—CH=CH—) functional groups of
one MBA monomer and thus a three dimensional network of
crosslink copolymer gel is formed as shown in the Scheme 1. The
initiator also generates free radical on CS present in the polymer-
ization mixture (Panic et al., 2013) and these CS macroradicals
take part in the reaction by (i) reacting with another CS radi-
cal to form crosslink network and (ii) reacting with radicals of
monomers as shown in Scheme 1. Further, some of the (—NH;)
groups of CS reacts with carboxylic (—COOH) functional groups of
acrylic acid (Lee et al., 1999) to form polyeletrolyte type complex
(NH3*COO~). Accordingly, a stable composite gel is formed where
the dispersed phase, i.e., CS is chemically and ionically bonded
to the continuous acrylic phase. The formation of the composite
gel is shown in Scheme 1 while the structure of the two drug
molecules viz. theophylline and tinidazole is shown in Fig. 1ai and ii,
respectively.

3.1.1. Effect of reaction variables on gel content and gel time of
the hydrogels

The effect of initiator (I), monomer (AA), crosslinker (MBA) and
chitosan (CS) on gel content (%), yield (%) and gel time of the hydro-
gels are shown in Fig. 1b. For studying effect of one parameter, other
parameters were kept constant viz. when concentration of initiator
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Scheme 1. Formation of composite hydrogel.

was varied as 0.25, 0.5, 0.75 and 1 wt% (of total monomer weight),
the amount of crosslinker and monomer were kept constant at
2 wt% and 25 wt¥%, respectively. From Fig. 1b it is observed that with
increase in initiator concentration from 0.5 to 1 wt% yield or gel%
and gel time decrease. In fact, rate of polymerization increases at
higher initiator concentration resulting in polymer gel of shorter
chain length (lower molecular weight). Thus, gelling occurs at an
early stage of polymerization resulting in shorter gel time and less
gel% (Mall, Srivastava, Kumar, & Mishra, 2006). At very low ini-
tiator concentration viz., 0.25 wt% initiator, the initiation of free
radicals from initiator is too low. Thus, yield or gel% is observed to
increase from 0.25 to 0.5 wt¥% initiator in polymerization mixtures.
From this figure it is observed that with increase in crosslinker con-
centration gel time decreases. This is because the network (gel)
in the polymer is formed at a much faster rate in the presence of
increased amount of crosslinker, i.e., MBA. Similarly, yield or gel%
also increases with concentration of crosslinker due to increase
in rate of polymerization in the presence of increased amount of

reactant (crosslinker). However, at 2 wt% crosslinker, yield or gel%
decreases because of formation of network at an early stage of poly-
merization (Bhattacharyya, Ray, & Mandal, 2013). The effect of total
monomer concentration in reaction medium on synthesis of gel is
also shown in Fig. 1b. With increase in monomer (acrylic acid, AA)
concentration in water yield or gel% is observed to increase which
may be attributed to generation of large number of active primary
radicals at higher monomer concentration in water (Odian, 1991).1t
is also observed that gel time decreases with increase in monomer
concentration in water. This is because gelling occurs early due
to increased reaction rate at higher monomer concentration. From
Fig. 1b it is also observed that gel time, yield% and gel% increases
with increase in wt% of chitosan in the hydrogel. At higher concen-
tration of high molecular weight polymer CS, the solution viscosity
increases and the same amount of MBA and acrylic acid take longer
time to gel in the viscous medium. However, CS also takes part in
the polymerization reaction by forming macro-radicals and hence
yields or gel% is observed to increase with increase in amount of
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Fig. 1. (a) Structure of drug: (i) theophylline and (ii) tinidazole. (b) Effect of initiator (I), monomer (M), crosslinker (MBA) and chitosan (CS) on yield or gel% and gel time
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CS in the hydrogel. At 2 wt% CS viscosities of the reaction medium
increases significantly and hence extent of polymerization reaction
deceases with decrease in yield or gel%.

3.2. Characterization of the hydrogels

3.2.1. FTIR spectra

The FTIR spectra of the CS, PAACS composite gel, theophylline
and tinidazole drugs and drug loaded PAACS gel are shown in Fig. 2a.
The pure CS shows characteristic absorption band at 3402 cm™!
corresponding to overlapping of its —OH stretching vibration, sym-
metric N—H vibration and the intermolecular hydrogen bonding of
the polysaccharide moiety of CS, 2920 and 2886 cm~! correspond-
ing to C—H stretching vibration (Dai, Yan, Yanga, & Cheng, 2010;
Vaghani, Patel, & Satish, 2012). It also shows absorption bands
at 1657cm~!, 1564cm~! and 1323 cm~! for carbonyl stretching
vibration (amide-I), N—H stretching vibration (amide-II) and C—N
stretching vibration (amide-III), respectively while absorption at
1379 and 1419cm! are due to symmetrical deformation of its
methyl (CH3) groups (Ahmed, Naik, & Sherigara, 2009). From Fig. 2
it is also observed that the —OH stretching of CS is shifted to
3169 cm~! while amide-I, -1l and -III stretching of CS is shifted to
1732, 1704 and 1401 cm™!, respectively in PAACS hydrogel. The
composite hydrogel also shows a characteristic peak at 1394 cm™!
due to symmetric stretching of its caboxylate (COO~) group while
the peak at 1538 cm~! corresponds to its protonated amine (NH3*)
groups. The carboxylate (COO~) and protonated amine groups
(NH3*) are present in the composite hydrogels due to the forma-
tion of poly ion complex (COO~NH3*) between the amino (NH3)
groups of CS and the carboxylic (COOH) groups of PAA. The FTIR of
theophylline shows absorption bands at 3404 and 1567 cm~! for its
N—H stretching and bending, respectively, 1723 cm~! for carbonyl
(C=0) stretching and 1242cm~! for C—N vibration (Sullad et al.,
20104, 2010b). Similarly, tinidazole is observed to show absorption
bandsat2993cm~!,1683cm~1,1669cm~1,1364cm™1,1191 cm™!

and 885cm™!, corresponding to stretching vibration of its C—H,
C=C, C—N, N=0, S=0 and N—O, respectively (Dash, Ferri, & Chiellini,
2012). The FTIR of theophylline and tinidazole loaded composite
gel is also shown in Fig. 3. From these FTIR of drug loaded com-
posite gels no significant change of the major absorption bands of
the drugs are observed, i.e., 3404, 1567, 1723,2916 and 3122 cm™!
bands of pure theophylline is observed at 3402, 1567, 1715, 2927
and 3123 cm~! in the theophylline loaded PAA-CS composite gel.
Similarly, absorption bands of tinidazole at 2993 cm~!, 1683 cm™!,
1669cm~1,1364cm1,1191 cm~! and 885 cm~! is also observed at
2998, 1694, 1667,1402, 1140 and 884 cm~! in the tinidazole loaded
PAA-CS hydrogel. Hence, from the FTIR analysis of the drug free and
drug loaded hydrogels it is evident that (i) there exist strong elec-
trostatic interactions between CS and PAA in composite hydrogels
of PAA-CS while (ii) there is no significant interaction between the
drug molecules and the composite gel.

3.2.2. NMR of the hydrogel

The 13CNMR of the polyacrylic acid and PAACS composite gel are
shown in Fig. 2bi and ii. In Fig. 2bi two large peaks are observed at
39.5 and 177.56 ppm corresponding to main carbon-carbon back-
bone (—CH,—CHCOOH—) of polymer chain and C atom of carboxylic
(COOH) groups, respectively. In the composite hydrogel due to elec-
trostatic interactions between CS and polyacrylic acid, the 39.5 ppm
peak of the acid is shifted to 38.98 and 177.56 ppm peak is shifted to
176.19 ppm. Further, the composite gel shows small peaks at 95.92,
71.98 and 58.78 ppm corresponding to C-1, C-3 and C-6 of chitosan
(Dorkoosh et al., 2000; Sun, Du, Fan, Chen, & Yang, 2006).

3.2.3. DTA and TGA

The DTA and TGA of the hydrogel samples are shown in Fig. 2ci
and ii. From the DTA curves it is observed that uncrosslinked chi-
tosan shows an endothermic peak at around 80 °C corresponding to
its glass transition temperature (Tg). However, after incorporation
of CSin the gel matrix of crosslink polyacrylic acid this endothermic
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peak disappears. In fact, in the crosslinked and network gel the
segmental motion of CS chain is restricted. Formation of polyion
complex (as evident from FTIR results) between CS and polyacrylic
acid further reduces chain mobility of small amount of CS present
in the PAA-CS composite gel. Thus, instead of a sharp endother-
mic peak, the composite gel shows a broadened endothermic peak
at around 180°C. The CS is also observed to show two exother-
mic peaks at around 309°C and 325 °C corresponding to thermal
decomposition of its amino and N-acetyl residue (Nam, Park, [hm,
& Hudson, 2010) while crosslinked polyacrylic acid shows its
exothermic degradation peaks at 270 °C and 473 °C. The composite
gelis observed to show degradation at a lower temperature viz. 251
and 403 °C as observed in its DTA in Fig. 4i. TGA of the polymers are
shown in Fig. 2cii. From Fig. 2cii it is observed that CS shows around
10wt¥% loss in the temperature range of 90-260°C due to loss of
absorbed water. It also show around 15-51% weight loss in the tem-
perature region of 270-360 °C due to degradation of main chain of
CS (Rajendran & Sivalingam, 2013) with a residue of about 27% at
580°C. The first degradation regime corresponds to random split-
ting of its glycosidic bonds while the second degradation regime
(270-360°C) corresponds to further decomposition and formation
of a series of lower fatty acids of C2, C3 and C6 (Milosavljevic,

ZMilasinovic, Popovic, Filipovic, & Krusic, 2011). From the same fig-
ure crosslink polyacrylic acid gel is also observed to show several
degradation profiles. Thus, it shows around 10% weight loss in the
temperature region of 100-185°C, 15-30% weight loss in the tem-
perature range of 190-390°C, 30-75% in the temperature range of
395-490°C with a residue of around 15% at 580 °C. The first region
of degradation corresponds to loss of bound water while the degra-
dations at other temperature regions may be ascribed to splitting
of main chain and pendant carboxylic groups of acid (Milosavljevic
etal., 2011).

3.2.4. X-ray diffraction (XRD)

The XRD of the drug free and drug loaded polymer samples
are shown in Fig. 2d. CS being a semi-crystalline polymer shows
a strong diffraction peak at 20° associated with mixture of (001)
and (1 00) plane and one weak diffraction peak at 10.7° associated
with mixture of its (00 1) and (100) planes (Dash et al., 2012; Lee
et al., 1999; Qi, Xu, Jiang, Hu, & Zou, 2004). In the PAA-CS compos-
ite these XRD peaks of CS is reduced to a great extent along with
marginal shifting of 26 viz. 20° peak of CS is shifted to 21.7° while
10.7¢ is shifted to 11.9° because of formation of ionic complexes
between amine groups of CS and carboxylic groups of polyacrylic
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acid. The drug theophylline being crystalline shows several XRD
peaks at 26 of 13.2°, 14.9°, 24°, 26.2° and 30° (Lin, Huang, Chang,
& Jiahui, 2011) while tinidazole is observed to show major XRD
peaks at 18.9°, 22.7°, 24.4°, 28.4°, 29.4°, 33.3° and 49.3°. Most of
these peaks of the two drugs disappear and some of these show
shifting of these 26 values with much reduction in peak intensity.
The drugs after dissolution in water loss its crystallinity and aque-
ous solution of the amorphous drug is absorbed by the hydrogels.
After drying within the gel, however, the drug cannot crystallize
within the restricted network of the gel matrix which results in
loss of its XRD peaks.

3.3. Study of swelling of the hydrogels

Several hydrogels synthesized by varying concentration of
monomer (acrylic acid), initiator, crosslinker (MBA) and CS were
used for swelling at different time intervals in double distilled
water. The results of swelling viz. equilibrium swelling ratio (ESR)
and equilibrium swelling time (teq) in water for all of these hydro-
gels are shown in Fig. 3a. From this figure it is observed that
both ESR and teq decreases with increase in initiator concentra-
tion. At higher initiator concentration hydrogels of low molecular
weight with more chain ends are formed resulting in low ESR and
low teq because of network imperfection in the gel (Chang, Duan,
Cai, & Zhang, 2010; Jeon, Lei, & Kim, 2008). Similarly, increase in
crosslinker concentration results in tighter and denser network of
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the gel. Consequently, ESR decreases at higher crosslinker concen-
tration while teq increases since water molecules take longer time
to fill a dense network to reach swelling equilibrium. Similarly,
with increase in total monomer concentration, ESR increases while
teq decreases. Based on the swelling results as shown in Fig. 3a,
the hydrogel synthesized with 25 wt% monomer, 0.5 wt% initiator
and 2 wt% crosslinker was chosen and further filled with 0.5, 1, and
2 wt% chitosan (CS). The ESR is observed to increase further when
the polyacrylicacid gel (PAA) s filled with CS. However, above 1 wt%
CS, the ESR of the composite gel decreases. The CS contains both
—OH and —NH; groups and thus in the presence of CS ESR increases.
However, CS also fills up the network of the gel and above 1 wt%
CS, there is a marginal decrease in ESR as observed in Fig. 3a. In the
PAACS composite gel the filled network takes longer time for pene-
tration of water and hence teq increases with increase in CS content.
The hydrogel containing 1 wt% CS and showing the highest ESR was
also subjected to swelling at varied pH and this hydrogel is observed
to show ESR of 10.3, 18.1 and 25.2 at pH of 1.5, 6.5 and 7.6, respec-
tively. The swelling at low pH is due to the protonation of the amino
groups of the CS present in the hydrogel. As the amino groups are
protonated, they are ionized. This ionization causes swelling due
to electrostatic repulsion. The amino groups of CS remain proton-
ated up to its point of zero charge pH which is 9.9 (Wang et al.,
2008). Similarly, the carboxylic groups (COOH) of the gel ionize at a
pH above its pK, value (4.26). Thus, ESR increases further at higher
pH. Similarly, from Fig. 3a it is also observed that the pH respon-
sive composite gel shows varied ESR when ionic strength of the
solution is increased viz. ESR decreases with increase in molar con-
centration of salt from 0.05 molar to 0.2 molar in the presence of
monovalent sodium chloride, bivalent calcium chloride or trivalent
aluminium chloride. Similarly, for the same molar concentration of
the solution, ESR is observed to decrease from monovalent sodium
chloride to trivalent aluminium chloride salt. The ionic strength
of the solution increases with increase in molar concentration or
from monovalent to trivalent salt. Consequently the electric dou-
ble layers surrounding the functional groups of the gels compress
resulting in decrease in ESR.

3.3.1. Swelling kinetics, diffusion and network parameters

3.3.1.1. Swelling kinetics. The swelling ratio (SR) of the hydrogels
at various time intervals was observed to fit well to the following
non-linear second order rate Eq. (6) (Mall et al., 2006)

m2ksyt Tot
1 + kspmet 1 + ksomet

SR; = (6)
here, ks, is rate constant and r, is initial rate of swelling.

The data fitting were carried out by using Levenberg-Marquardt
(L-M) algorithm (Origin-8 software) with adjustment of parameter
values viz. rate constant (ks ) and initial rate of swelling (o) by iter-
ation using chi square (x2) and Fvalues (Samanta & Ray, 2014). The
trend lines of these non-linear fittings for hydrogels synthesized
with 0.5, 1 and 2 wt% CS and designated as CS0.5, CS1.0 and CS2.0,
respectively, are shown in Fig. 3bi. Similar trend lines (not shown)
were also obtained for hydrogels synthesized with 1, 2 and 3 wt%
crosslinker (designated as MBA1, MBA2 and MBA3, respectively),
15, 20 and 25 wt% acrylic acid (monomer) in water (designated as
AA15,AA20 and AA25, respectively). The values of ks, and g, exper-
imental and calculated ESR of all of these hydrogels are shown in
Table 1. The values of statistical parameters, i.e., 72, x2 and Fare also
shown in Table 1. It is observed that ESR of the hydrogels calculated
using second order rate Eq. (6) closely matches the experimental
ESR. The values of regression coefficients (r2) for all of these fittings
are also observed to be close to unity while these regressions also
show low x2 and high F values. All of these results confirm good
fitting of the swelling data to second order rate equation.
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3.3.1.2. Diffusion. The study of diffusion through network of hydro-
gel is pertinent for its application in drug release. The diffusion in
polymer is passive but it can be activated by swelling in release
medium, i.e., water in the present case and also by various external
physical forces like polar, osmotic or convective forces (Akdemir &
Apohan, 2007). For understanding the diffusion mechanism, the
swelling data were also fitted to the following Egs. (7) and (8)
(Ritger & Peppas, 1987) to obtain the diffusion characteristics viz.

Table 1

Swelling diffusion and network parameters of the hydrogels.

diffusion constant (kp), diffusional exponent (1) and diffusion coef-
ficient (D) of the hydrogels.

F:%:k]}l’n

k 1/n
_ g2 2D
D =nr (4)

(7)

(8)

Polymer ksa 1o ESRexpt/ESRcal (g/8) [ X*|F kp/n/D x 10° [ x*|F Mc x107%/pc x 1077 |¢
MBA1 0.001931/0.0323 13.06/14.84 0.96/0.0.449/910 0.018/0.57/2.5 0.963/0.0008/3363 21/0.53/916
MBA2 0.0022/0.019 8.39/8.911 0.993/0.294/1365 0.041/0.39/1.81 0.990/0.0011/1920 3.3/4.14/812
MBA3 0.009101/0.0705 6.32/5.46 0.937/0.169/1238 0.143/0.27/4.58 0.987/0.0009/5882 7.46/3.52/416
11.0 0.0025/0.0174 7.073/8.190 0.996/0.063/1885 0.038/0.42/3.32 0.951/0.0018/474 3.1/10.81/341
10.75 0.0023/0.028 11.3/12.56 0.986/0.610/280 0.043/0.38/2.23 0.998/0.0013/1779 3.2/5.52/417
10.5 0.0022/0.019 8.39/8.911 0.993/0.294/1365 0.041/0.39/1.81 0.990/0.0011/1920 3.3/4.14/812
10.25 0.0048/0.038 7.252/7.87 0.953/0.038/3029 0.148/0.28/1.84 0.9675/0.002/379 3.73/2.7/1261
€s0.5 0.001790/0.029 13.157/14.47 0.992/0.132/4906 0.018/0.56/3.50 0.995/0.0014/5398 3.78/2.1/846
Cs1.0 0.001398/0.0295 16.32/19.74 0.996/0.306/3723 0.011/0.63/4.53 0.998/0.0042/1979 6.2/1.62/854
€S20 0.001013/0.013 7.18/8.94 0.972/0.12/1423 0.012/0.62/1.18 0.908/0.0036/1746 1.38/2.4/421
AA15 0.0020/0.0382 6.112/7.765 0.952/0.21/406 0.023/0.53/5.6 0.955/0.013/108 6.23/1.62/378
AA20 0.0013/0.0201 7.433/8.16 0.986/0.80/423 0.013/0.63/7.91 0.988/0.002/829 10/0.8/817
AA25 0.0022/0.019 8.39/8.911 0.993/0.294/1365 0.041/0.39/1.81 0.990/0.0011/1920 3.3/4.14/812

ks> (g gel/gwater min), ro (g water/g gel min), kp, n, D (cm?/s).
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where F is fractional water uptake and r is radius of cylindrical
hydrogel sample. The data fitting and non-linear regression was
similar to swelling kinetics as shown in inset of Fig. 3bi for CS0.5,
CS1.0 and CS2.0 composite gels. Similar trendlines were obtained
for other hydrogels. The values of diffusion characteristics, i.e., kp,
n and D of the hydrogels are also shown in Table 1. From Table 1
it is observed that hydrogels prepared with varied CS, MBA and
acrylic acid concentration shows n values ranging from 0.5 to
around 0.7 signifying Non-Fickian anamolous diffusion, i.e., in these
cases rate of diffusion and rate of chain relaxation of the gels are
comparable. The hydrogels prepared with varied initiator con-
centrations shows n values close to 0.5 indicating Fickian Case-1
diffusion, i.e., in these cases rate of diffusion is slightly lower than
rate of chainrelaxation (Tomic, Mici¢, Filipovi¢, & Suljovrujic,2007).
The values of statistical parameters, i.e., r2, x2 and F for these non-
linear fittings as shown in Table 1 also confirms good fitting of
swelling data to diffusion equation.

3.3.1.3. Network parameters. The network structure of the hydro-
gels was characterized in terms of network parameters, i.e., average
molecular weight between crosslink (M), crosslink density (poc)
and mesh size (g). These parameters were determined from
swelling data based on network theory of Flory and Rehner as
reported elsewhere (Bhattacharyya et al., 2013; Samanta & Ray,
2014). The value of Mc, pc and ¢ of the hydrogels are also given
in Table 1. In general, the small M: and ¢ value and high o
value signifies tighter network. From Table 1 it is observed that
that with increase in crosslinker (MBA) concentration M. and
¢ decreases while p increases, i.e., increase in crosslinker con-
centration results in tighter network. Similarly, with decrease in
initiator concentration from 11.0 to 10.25, molecular weight of
the polymer increases (Odian, 1991) and hence both M. and ¢
increases while p. decreases. From Table 1 it is also observed
that with increase in wt% of CS in the gel from CS0.5 to CS1.0,
M. and ¢ of the hydrogel increases which may be due to for-
mation of multiple branched structures (Wang & Wang, 2010)
in the gel. However, as the wt% of CS is increased further to
1wt%, Mc and ¢ decreases. In fact, above 1wt% CS, the solution
viscosity increases to a great extent. Consequently initiation effi-
ciency of CS decreases and its effect on network parameter also
reduces (Wang & Wang, 2010). Similar trend of network parame-
ters are observed in Table 1 for hydrogels synthesized with varied
monomer (acrylic acid) concentration, i.e., for AA15, AA20 and
AA25 gels.

3.3.2. Deswelling kinetics of the hydrogels

The response rate of a drug loaded hydrogel may be evalu-
ated in terms of deswelling of the water swollen hydrogels. The
results of deswelling of the hydrogels with varied crosslinker and
CS wt% at 25°C is shown in Fig. 3bii. In general for any hydrogel,
deswelling rate is much faster than swelling rate. This is because
of formation of a dense skin layer on the surface of the hydro-
gel in contact with water by rapid shrinkage due to electrostatic
interaction among various hydrophobic groups on its surface. Con-
sequently, water cannot diffuse out easily from this dense layer
(Marandi, Sharifnia, & Hosseinzadeh, 2006; Samanta & Ray, 2014).
However, incorporation of hydrophilic CS retards formation of
this preventive skin layer and act as a water releasing channel
in the composite gel structure (Marandi et al., 2006). Thus, rate
of deswelling is observed to increase with increase in wt% of CS
from CS0.5 to CS2.0. From this Fig. 3bii it is also observed that
deswelling rate decreases with increase in % of crosslinker which
may be attributed to the formation of tighter network at higher
crosslinker%.

Table 2

Drug release data of the hydrogels.
Polymer THEO/TNZ loading Entrapment

(mg/100 mg beads) efficiency (%)

CSo 19.11/17.56 50.75/48.37
CS0.5 22.11/20.04 68.30/64.12
CS1.0 28.91/26.51 77.42/70.45
CS2.0 29/26.5 81.58/79.56
MBA1 27.21/25.76 63.77/61.22
MBA2 19.11/17.56 50.75/48.37
MBA3 14.21/13.93 43.58/41.56
AA15 13.24/12.67 72.55/68.12
AA20 15.23/14.11 44.34/41.34
AA25 19.11/17.56 50.75/48.37
CS1atpH 1.5 16.23/14.72 44.2/41.6
CS1atpH7.5 28.91/26.51 77.42/70.45

3.4. Invitro drug release study

The loading and entrapment efficiency of theophylline and
tinidazole drug for various hydrogels are shown in Table 2. Similar
to swelling ratio, loading and entrapment efficiency of these drugs
are also observed to increase with decrease in crosslinker wt¥%,
increase in wt% of CS and increase in solution pH from 1.6 to 7.5.
The loading or entrapment efficiency of theophylline is observed to
be slightly higher than loading or entrapment of tinidazole. From
the FTIR results it is evident that there is no significant electrostatic
interaction between hydrogel and drug molecules. However, theo-
phyllene appear to be structurally more compact (two fused rings)
than tinidazole which may cause its easier incorporation in the gel.
The cumulative release profile of these two drugs from these hydro-
gels is presented in Fig. 4i and ii for varied crosslinker % and CS wt%,
respectively. The release profile of CS1.0 hydrogel at pH 7.6 and 1.5
is shown in Fig. 4iii. From all of these figures it is observed that
an initial burst release of the drug is followed by a sustained rate
of release for all of these hydrogels. Initially the fast release rate of
drug occurs from the surface of the hydrogel due to high concentra-
tion gradient of the drug between the release medium, i.e., water
and the surface of the gel (Patil, Dordick, & Rethwisch, 1996). As
the release of the drug continues, its concentration in the release
medium increases and hence the concentration gradient of drug
between gel and release medium decreases and entrapment of the
remaining drug in the gel network slow down further release at low
concentration gradient (Zhang, Wu, & Chu, 2004). It is also observed
that theophylline shows slightly lower release% than tinidazole.
Similar release profiles were reported for release of model pro-
tein and drug from various IPN type hydrogels (Kulkarni, Sreedhar,
Mutalik, Setty, Sa, 2010; Matricardi et al., 2013; Patil et al., 1996;
Raghavendra, Rashmi, Mohan, Mutalik, & Kalyane, 2012; Samanta
& Ray, 2014).

3.4.1. Fitting of drug release data to model equations

For evaluating the release kinetics, the first 60% of the drug
release data of the hydrogels were fitted to the following (i)
Donbrow-Samuelov (Donbrow & Samuelov, 1980) zero-order
kinetics (Eq. (9)), (ii) Higuchi model (Higuchi, 1963) (Eq. (10)), and
(iii) Korsmeyer-Peppas model (Korsmeyer, Gurny, Doelker, Buri,
& Peppas, 1983) (Eq. (11)). Similar to swelling kinetics non-linear
Levenberg-Marquardt (L-M) algorithm (Origin-8 software) was
also used for these fittings.

(i) Zero order Donbrow-Samuelov model

Mpt = Mpe + Kot 9)
(ii) Higuchi model

Mpt = Mpe + Kt'/? (10)
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(iii) Korsmeyer—Peppas model

Fp = n":—DD; = Kpt" (11)
where mp and mp, are amount of drug released at time t and infin-
ity (at equilibrium), respectively, Ky, Ky and Kgp are constant of
the concerned model corresponding to structural and geometrical
character of the dosage form and the diffusion exponent ‘n’ signi-
fies mechanism of drug release. The fitting of drug release data to
these models are shown in Fig. 5i-iii for Donbrow-Samuelov zero
order, Higuchi and Korsmeyer-Peppas models, respectively with
€S0, CS0.5,CS1.0and CS2.0 hydrogels. The calculated mp. values for
zero order fittings were 24.7%, 16.1%, 6.39% and 9.19% correspond-
ing to experimental 18.2, 14.06, 7.1 and 8.02%, i.e., except CSO other
hydrogels show close fitting to this zero order model. The statistical
parameters such as 2 was close to unity (0.951,0.968, 0.991, 0.992)
while x2 values were low (22, 8, 3, 3.1) for these fittings (Fig. 5i)
which also confirms close fitting except for CSO hydrogel. Though
the statistical parameters are within acceptable range for fitting
to Highuchi model (Fig. 5ii) but the data yields negative intercept
(mpe). However, the drug release data is observed to give close fit-
ting to Korsmeyer-Peppas model. It yields n value of 0.5, 0.53, 0.79
and 0.71 and Kgp are observed to be 0.05, 0.35, 0.008 and 0.014 for
CS0, CS0.5, CS1.0 and CS2.0 hydrogels, respectively. The values of
n indicate diffusion controlled release of drug. These fittings also
shows 2 values close to unity (0.991, 0.987, 0.997 and 0.994) and
very low x2 value (0.0005, 0.0004, 0.0001 and 0.0003) indicating
very close fitting as also observed in Fig. 5iii.

3.4.2. Drug activity

The chemical activity of the drug was investigated by recording
the UV spectra of pure theophylline and tinidazole in water and
also these drugs released in water from hydrogels at wavelength
of 272 nm for theophylline and 310 nm for tinidazole as shown in
Fig. 6. The spectra appear to be almost identical suggesting that
there was no significant change in chemical and bioactivity of the
drug during its loading and release. Similar type of comparison to
assess the chemical and bioactivity of drug has also been reported
elsewhere (Chouhan & Bajpai, 2010).

4. Conclusion

Composite hydrogels were synthesized by in situ incorporation
of chitosan (CS) in polymerization mixtures of acrylic acid and MBA.
Several hydrogels were prepared by varying concentration of ini-
tiator, weight% of crosslinker (MBA), acrylic acid monomer and CS.
These hydrogels were characterized by FTIR, NMR, DTA-TGA and
XRD. Swelling data of the hydrogels showed close non-linear fitting
to second order rate equation. Diffusional characteristics, molec-
ular weight between two crosslinks, crosslink density and mesh
size of the hydrogels were also evaluated. Release profile of the-
ophylline and tinidazole drug from these hydrogels was found to
show close fitting to Korsmeyer-Peppas model. The hydrogel syn-
thesized with 1wt% CS, 0.5 wt% initiator, 2 wt% MBA and 25 wt%
acrylic acid in water was observed to show optimum swelling
as well as drug entrapment and drug release profile at pH of
7.5.
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