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Abstract Psyllium polysaccharide is a bulk laxative and

has been used for the treatment of constipation which

is responsible for the diverticulitis. Ciprofloxacin is an

antibiotic used for the microorganism infested in the

diverticula. Hence, the functionalization of psyllium with

polyvinyl alcohol (PVA) and poly(acrylamide) [poly

(AAm)] will develop the drug delivery system (DDS) with

potential for dual action for the treatment of diverticulitis,

that is, by treating the constipation due to laxative action of

psyllium and release of ciprofloxacin from DDS in con-

trolled manner. The optimum conditions for the synthesis

of hydrogels have been obtained as 42.21 9 10-2 mol/L

of AAm, 3% (w/v) of PVA, 32.43 9 10-3 mol/L of N,N0-
methylenebisacrylamide (NN-MBA), 17.53 9 10-3 mol/L

ammonium persulfate, and 1 g of psyllium. The charac-

terization of the hydrogels has been carried out by SEMs,

EDAX, FTIR, and swelling studies. Swelling and drug

release studies have also been carried out to determine the

mechanism of swelling of hydrogels and drug release from

the drug loaded hydrogels. The release of the drug from the

hydrogels occurred through Fickian diffusion mechanism

in pH 2.2 and pH 7.4 buffer.

Introduction

Stability and pH responsive behaviors of the polymers are

the criterions for the design of site-specific drug delivery

systems [1]. No doubt that the polysaccharides are non-

toxic, safe, biocompatible, biodegradable, abundant, and

colon-specific [2] but when used alone, these are not suit-

able materials to develop the drug delivery systems. This is

due to their substantial swelling and rapid enzymatic deg-

radation in biological fluids [3]. On the other hand, the

composites of biological and synthetic polymers usefully

combine the biocompatibility of the biological component

with the physical and mechanical properties of the syn-

thetic components [4]. Graft copolymerization of the

polysaccharides with synthetic polymers is a powerful

technique to modify the properties of polysaccharides and

make them advanced materials for use in drug delivery

[5, 6]. Hydrogels developed through the grafting and

crosslinking remain intact in the physiological environment

of the stomach and the small intestine, but are degraded by

the bacterial inhabitants of the human colon, which make

them potentially useful in targeted delivery systems to the

colon [7, 8]. Hydrogels are three-dimensional polymeric

networks that swell quickly by imbibing a large amount of

water or de-swell in response to changes in their external

environment, which make them useful materials for site-

specific drug delivery [9, 10]. This study deals with the

design of PVA, psyllium polysaccharides, and poly(acryl-

amide)-based hydrogels for the release of ciprofloxacin to

be used for the disease associated with colon.

PVA is highly hydrophilic, non-toxic, biodegradable, and

biocompatible material which has excellent film forming

property [11, 12]. It adopts a globular structure in aqueous

solution for being exposed to the crosslinker during the

polymerization reaction [13]. PVA also provides mechani-

cal strength, long-term thermal and pH stability to the films

which enhance their suitability for biomedical applications

[14]. The degree of gelation of PVA increases with increase

in amount of polysaccharides in the reaction system during

copolymerization [15, 16]. The relative crystallinity of PVA

decreases with addition of polysaccharides due to the bulky
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and rigid backbone provided by the polysaccharides [17].

Yang and coworker have reported the decrease in swelling

and increase in mechanical properties of the pH responsive

PVA–chitosan gels with increasing PVA and agar contents

in the reaction system [18]. Further, the presence of appro-

priate amount of polysaccharide is necessary for gelation to

provide sufficient swelling and mechanical strength to the

hydrogels [19]. Poly(acrylamide) have also been reported as

blood compatible hydrogels for biomedical applications

[20]. PVA/poly(acrylamide-co-acrylamidoglycolic acid)

based pH sensitive semi interpenetrating hydrogels were

prepared by free radical polymerization in aqueous solution

using NN-MBA as a crosslinker and were used in drug

delivery applications [21].

Psyllium is gel-forming mucilage composed of a highly

branched arabinoxylan units. The backbone consists of

xylose units, while arabinose forms the side chains [22].

Psyllium has been reported for the treatment of constipa-

tion, diarrhea, irritable bowel syndrome, and inflammatory

bowel disease-ulcerative colitis [23]. On the other hand,

ciprofloxacin is a broad spectrum antibacterial agent [24]

which has been reported to cure ulcerative colitis [25].

Ciprofloxacin is also used for the microorganism infested

in the diverticula and acts as therapeutic agent for diver-

ticulitis. It is effective in treating bacterial infections in

diverticulitis patients with upper gastrointestinal bleeding,

peritonitis, and urinary tract infections [26, 27]. Constipa-

tion is one of the reasons for the diverticulitis. Psyllium is a

constipation curing agent. Hence the release of ciproflox-

acin from the drug loaded polymer matrix will act with

dual potential for diverticulitis. This drug delivery system

will be different from the conventional drug delivery sys-

tems reported in the literature because of its dual action for

the cure of diverticulitis. This system will make its reach to

the site of action through GI tract. These hydrogels are

made up of acrylamide which will partially hydrolyzed at

higher pH and will show the pH responsive behavior and

will release the drug in the colon.

In view of the pharmacological importance of gel-

forming psyllium and drug delivery devices based on

hydrogels, psyllium polysaccharide, if suitably tailored to

prepare the hydrogels, can act as the double potential

candidates to develop drug delivery systems. Therefore, in

this study an attempt has been made to carry out the

modification of psyllium with poly(AAm) and PVA

through chemically crosslinked polymerization by using

NN-MBA as crosslinker and APS as initiator. These

hydrogels were characterized with scanning electron

micrography (SEMs), electron dispersion X-ray analysis

(EDAX), Fourier transform infrared spectroscopy (FTIR),

and swelling studies. Swelling behavior of the hydrogels

has been studied as a function of feed monomer, PVA,

crosslinker, and initiator concentration used during the

synthesis of hydrogels. Swelling was also carried out as

function of temperature, pH, and [NaCl] of the swelling

medium. This article discusses the swelling kinetics of the

hydrogels and release dynamics of antibacterial model drug

ciprofloxacin from the hydrogels to evaluate the swelling

and drug release mechanism.

Experimental

Materials and methods

Polyvinyl alcohol (PVA) (Molecular Wt. 1,25,000) was

obtained from S.D. Fine Chemical Ltd., Mumbai, India,

acrylamide (AAm) was obtained from Merck Specialities

Private Limited, Mumbai, India, and N,N0-methylenebis-

acrylamide (NN-MBA) and ammonium persulfate (APS)

were obtained from Qualigens Fine Chemicals, Mumbai,

India. Plantago psyllium mucilage (psy) was obtained from

Sidpur Sat Isabgole factory (Gujarat, India) and the drug

used, i.e., ciprofloxacin was obtained from Ranbaxy Lab-

oratories Limited, Haridwar, India.

Preparation of psyllium-cl-poly(VA-co-AAm)

hydrogels

Reaction was carried out with 1 g of psyllium husk, defi-

nite concentration of PVA, initiator, monomer and cross-

linker, taken in the aqueous reaction system which was

placed in water bath at 65 �C temperature for 3 h. The

crosslinked hydrogel was then stirred in distilled water to

remove the soluble fractions and then were dried in oven at

40 �C until the constant weight was obtained. The cross-

linked polymers were named as psyllium-cl-poly(VA-co-

AAm) hydrogels (Scheme 1). The optimum reaction

parameters for synthesis of hydrogels were evaluated by

varying the PVA from 1 to 5% (w/v), AAm from

14.07 9 10-2 to 70.34 9 10-2 mol/L, NN-MBA from

6.48 9 10-3 to 32.43 9 10-3 mol/L and APS from 4.38 9

10-3 to 21.91 9 10-3 mol/L. The optimum reaction

conditions for the synthesis of hydrogels were obtained

as AAm = 42.21 9 10-2 mol/L, PVA = 3% (w/v), NN-

MBA = 32.43 9 10-3 mol/L, APS = 17.53 9 10-3 mol/L,

and psyllium = 1 g (Table 1). These conditions were

determined on the basis of swelling of the hydrogels and

surface consistency maintained by hydrogels after 24 h

swelling. At the optimum reaction parameters, further

polymers were synthesized and were used to study the

effect of pH, salt concentration and temperature of the

swelling medium on hydrogel swelling. These polymer

matrices were also used to study the release dynamics of

the drug from the hydrogel for the evaluation of mecha-

nism of drug release and various diffusion coefficients.
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Scheme 1 Network formation

of psyllium-cl-poly(VA-co-

AAm) hydrogels

Table 1 Reaction parameters for synthesis of psyllium-cl-poly(VA-co-AAm) hydrogels

S. No. Psyllium

(g)

[PVA]%

(w/v)

[AAm] 9 102

(mol/L)

Water

(mL)

[NN-MBA] 9 103

(mol/L)

[APS] 9 103

(mol/L)

Weight of polymer

formed (g)

Swelling per gram

after 24 h (g/g of gel)

1 1.0 5 14.07 10 32.43 21.91 1.633 14.185 ± 0.890

2 1.0 5 28.14 10 32.43 21.91 1.742 8.929 ± 0.393

3 1.0 5 42.21 10 32.43 21.91 2.032 7.781 – 0.410

4 1.0 5 56.27 10 32.43 21.91 2.096 7.529 ± 0.436

5 1.0 5 70.34 10 32.43 21.91 2.133 6.857 ± 0.285

6 1.0 1 42.21 10 32.43 21.91 1.460 7.767 ± 0.159

7 1.0 2 42.21 10 32.43 21.91 1.525 7.883 ± 0.600

8 1.0 3 42.21 10 32.43 21.91 1.573 8.311 – 0.778

9 1.0 4 42.21 10 32.43 21.91 1.710 7.117 ± 0.104

10 1.0 5 42.21 10 32.43 21.91 2.032 7.781 ± 0.410

11 1.0 3 42.21 10 6.48 21.91 1.466 12.822 ± 0.217

12 1.0 3 42.21 10 12.97 21.91 1.506 12.211 ± 0.474

13 1.0 3 42.21 10 19.46 21.91 1.530 11.683 ± 0.606

14 1.0 3 42.21 10 25.95 21.91 1.553 9.806 ± 0.450

15 1.0 3 42.21 10 32.43 21.91 1.573 8.311 – 0.778

16 1.0 3 42.21 10 32.43 4.38 1.570 15.372 ± 0.955

17 1.0 3 42.21 10 32.43 8.76 1.581 15.372 ± 0.955

18 1.0 3 42.21 10 32.43 13.15 1.555 16.356 ± 0.063

19 1.0 3 42.21 10 32.43 17.53 1.571 9.839 – 0.618

20 1.0 3 42.21 10 32.43 21.91 1.573 8.311 ± 0.778

Bold values show the variation in the parameter
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Characterizations

The polymers were characterized by SEMs, EDAX, FTIR,

and swelling studies. SEMs and EDAX of the polymers

were taken on QUANTA 200 FEG model (The Nether-

lands). FTIR spectra of polymers were recorded in KBr

pellets on Nicolet 5700FTIR THERMO (USA). Swelling

studies of the polymeric networks were carried out in dif-

ferent media by gravimetric method in triplicate [23].

Release dynamics of model drug from drug loaded

hydrogels

The release profile of drugs from the drug loaded polymer

matrix was determined in distilled water, pH 2.2 buffer,

and pH 7.4 buffer. All the studies were carried out in

triplicate. Preparation of buffer solution, calibration curves,

drug loading, drug release, and preparation of reagents has

been discussed elsewhere [23]. The calibration curves of

ciprofloxacin were prepared at kmax 277 nm, 277 nm, and

270 nm, respectively, in distilled water, pH 2.2 buffer, and

pH 7.4 buffer solution. The loading of a drug into the

hydrogels was carried out by swelling equilibrium method.

The hydrogels were allowed to swell in the drug solution of

known concentration (600 lg/mL) for 24 h at 37 �C and

then were dried to obtain the release device. In vitro release

studies of the drug were carried out by placing dried and

drug loaded sample in definite volume of releasing medium

for 30 min at 37 �C and then sample was transferred to the

fresh releasing medium. The release of drug from the

polymer samples was measured from the calibration graphs

which were prepared on the UV Visible Spectrophotometer

(Cary 100 Bio, Varian).

Mechanism of swelling and drug release

from polymer matrix

The mechanisms of swelling and drug release have been

discussed in detail in our earlier study [23]. Swelling of

polymers has been classified into three types of diffusion

mechanisms, on the basis of relative rate of diffusion of

water into polymer matrix and rate of polymer chain

relaxation. The values of diffusion exponent ‘n’ and dif-

fusion coefficients have been evaluated using Eqs. 1–4 for

the swelling of the polymers and for the release of the drug

from the polymers [28–31].

Mt

M1
¼ ktn ð1Þ

Mt

M1
¼ 4

Dit

p‘2

� �0:5

ð2Þ

DA ¼
0:049‘2

t1=2
ð3Þ

Mt

M1
¼ 1� 8

p2

� �
exp
ð�p2DLtÞ

‘2

� �
ð4Þ

where Mt/M? is the fractional release of drug in time t, ‘k’

is the constant characteristic of the drug–polymer system,

and ‘n’ is the diffusion exponent characteristic of the

release mechanism. Mt and M? is drug released at time ‘t’

and at equilibrium, respectively, Di, DA, and DL are the

initial, average, and late diffusion coefficients, and ‘l’ is the

thickness of the sample. t1/2 is the time required for 50%

release of drug.

Results and discussion

Characterizations

SEM and EDAX analysis

Scanning electron micrographs (SEMs) of psyllium, PVA,

and psyllium-cl-poly(VA-co-AAm) hydrogels are shown in

Figs. 1, 2, and 3, respectively. It is observed from the

SEMs that the psyllium, PVA, and crosslinked polymer

matrix have shown structural heterogeneity. The EDAX

of psyllium, PVA, and psyllium-cl-poly(VA-co-AAm)

hydrogels (Fig. 4a–c) was taken and quantitative elemental

composition presented in the Table 2. The EDAX spectrum

of psyllium and psyllium-cl-poly(VA-co-AAm) hydrogels

showed the presence of carbon, oxygen, and hydrogen

which are the main constituents in polysaccharides. EDAX

spectrum of PVA showed highest weight percentage of

carbon and lowest weight percentage of oxygen among all

polymers. Presence of nitrogen in hybrid polymer has also

been observed. EDAX has shown the incorporation of

amide moieties in the backbone.

FTIR spectra

FTIR spectra of psyllium, PVA, and psyllium-cl-poly(VA-

co-AAm) polymers are presented in Fig. 5a–c, respectively.

In the case of psyllium polysaccharide the absorption bands

have been observed at 3430.6, 1200–1300 cm-1, respec-

tively, due to –OH stretching and C–O–C stretching

vibrations. These bands are the characteristic of the natural

polysaccharide. In addition, the absorption bands in the

region 930–820 and 785–730 cm-1 have also been

observed due to vibrational modes of pyranose rings of

polysaccharide. In the case of FTIR spectra of PVA, a broad

band at 3430.9 cm-1 due to the O–H stretching vibrations, a

band at 1264 cm-1 due to the O–H bending vibration, and

2590 J Mater Sci (2011) 46:2587–2599

123



bands at 2924.1 and 2854.1 cm-1 have been attributed to

the stretching vibrations of -CH2. The band at 1461.1 cm-1

due to C–H bending vibration has been observed. In the

FTIR spectra of psyllium-cl-poly(VA-co-AAm) polymer,

the broad band at 3376.9 cm-1 due to combination of –OH

and N–H stretching, band at 1663.9 cm-1 due to C=O

stretching (Amide I band), band at 1560.2 cm-1 due to N–H

in plane bending (Amide II band), band at 1262.0 cm-1 due

to C–N stretching (Amide III band) of the amide group

present in the networks, and band at 1457.5 cm-1 due to -

CH2 bending vibrations have been observed apart from

usual bands in psyllium and PVA.

Swelling studies

In order to study the effect of synthetic reaction parameters

(i.e., concentration of AAm, PVA, NN-MBA, APS) on the

structure of the polymeric networks, the swelling of the

polymers was taken at 37 �C in distilled water. Effect of

nature of swelling medium (pH, salt, and temperature of

the swelling medium) on the swelling of the hydrogels was

also studied.

Swelling as a function of feed [AAm] In order to deter-

mine the effect of feed monomer concentration on the

network structure, polymers were prepared with different

Fig. 1 Scanning electron micrograph (SEM) of psyllium at different

magnification: a 25009 and b 50009

Fig. 2 Scanning electron micrograph (SEM) of PVA at different

magnification: a 5009 and b 10009
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[AAm] and their swelling studies were carried out. Poly-

mers were prepared by varying the concentration of

acrylamide from 14.07 9 10-2 to 70.34 9 10-2 mol/L.

The results of swelling are presented in Fig. 6. It is

observed from this figure that swelling of polymers

decreased, as the concentration of feed monomer increased

during the synthesis of hydrogels. It means that polymers

prepared with higher [AAm] have higher crosslinking

density in the networks. This may be due to the increase in

grafting and self-crosslinking of the poly(AAm) onto

psyllium and PVA. Bajpai and Giri have also observed

decrease in swelling with increase in feed concentration of

the acrylamide during the synthesis of (carboxymethyl-

cellulose-g-polyacrylamide) hydrogels [32]. It is worthy to

mention here that when the AAm concentration was varied,

all the other reaction contents were kept constant.

The values of diffusion exponent ‘n’ and gel character-

istics constant ‘k’ have been evaluated from the slope and

intercept of the plot ln (Mt/M?) versus ln t and results are

presented in Table 3. The values of ‘n’ are between 0.5 and

1 which indicate that swelling of polymers prepared with

different monomer concentrations occurred through non-

Fickian diffusion mechanism. In this mechanism, the rate of

diffusion of water molecules into the polymer matrix and

rate of polymer chains relaxation are comparable. The

values of late diffusion coefficients are very less than the

early stage diffusion coefficients (initial and average

diffusion coefficients). In the earlier stages of swelling, the

higher rate of swelling is explained on the basis of polymer

chains relaxation in the hydrogels. Rate of polymer chains

relaxation increases with time, which increases the rate of

diffusion of water in the polymer matrix. However, in the

later stages when the swelling equilibrium was about to

reach, the rate of swelling decreased which is reflected in

lower values of late diffusion coefficients (Table 3).

Swelling as a function of PVA contents At the optimum

[AAm], the amount of feed PVA was varied from 1 to 5%

(w/v) during the synthesis of hydrogels and their swelling

behavior was studied (Fig. 7). It is clear from the figure that

after 24 h swelling, amount of water uptake by the polymer

first increased with increase in PVA contents up to 3% (w/v)

then decreased with further increase in feed PVA contents

during polymerization reaction. This is due to the reason

that after attaining the optimum pore size at certain PVA

concentration, pore size decreased with further increase in

PVA content due to increase in physical and chemical

crosslinking of blended hydrogels. Alupei et al. have

reported decrease in swelling of xanthan and PVA-based

hydrogels with increase in PVA content [13]. Maximum

water uptake of (8.311 ± 0.778) g/g of gel has occurred for

the polymer prepared with 3% (w/v) of PVA, and this PVA

content has been taken as optimum PVA concentration for

further synthesis of hydrogels. Swelling of the polymers

prepared with different amount of PVA has been occurred

through non-Fickian diffusion mechanism. The values of

various diffusion coefficients are presented in Table 3.

Swelling as a function of crosslinker The crosslinker

concentration defined the network structure of hydrogels.

The role of crosslinker is to provide joints (covalent or

ionic) between different polymer chains for the formation

of three-dimensional networks. Crosslinks are necessary to

form a hydrogel in order to prevent dissolution of the

hydrophilic polymer chains in an aqueous environment. To

study the effect of crosslinker on the structure of polymer

networks, the swelling behavior of the hydrogels (prepared

Fig. 3 Scanning electron micrograph (SEM) of psyllium-cl-poly(VA-

co-AAm) at different magnification: a 1009 and b 10009
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by varying the [NN-MBA] from 6.48 9 10-3 to

32.43 9 10-3 mol/L) was studied (Fig. 8). Swelling of the

hydrogels decreased with increase in crosslinker concen-

tration due to increase in crosslinking density. Similar

trends of swelling has been reported in Na–Alg/CMC

hydrogel prepared with different crosslinker concentrations

[33]. Maximum water uptake (12.822 ± 0.217) g/g of

gel has occurred for the polymer prepared with 6.48 9

10-3 mol/L of [NN-MBA]. But for the further synthesis of

hydrogels, the optimum concentration of crosslinker was

taken as 32.43 9 10-3 mol/L. It is relevant to mention

here that the appropriate strength of the hydrogel is

required, which is used in controlled drug delivery system

in the biological medium. Otherwise the immediately

degradation of matrix will occur and it will release the drug

immediately and will perform like conventional drug

delivery system. The swelling of the hydrogels occurred

through non-Fickian diffusion mechanism and results of

various diffusion coefficients are reported in Table 3.

Fig. 4 EDAX of a psyllium, b PVA, and c psyllium-cl-poly(VA-co-AAm) hydrogel

Table 2 Energy dispersion X-ray analysis for elemental composition

analysis of different polymers

Polymer Element composition (wt%)

C O N Na Ca K Cl

Psyllium 45.66 47.79 – 0.18 1.15 2.99 0.23

PVA 65.16 30.04 4.80 – – – –

Psyllium-cl-poly

(VA-co-AAm)

59.48 33.88 6.64 – – – –
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Swelling as a function of initiator To study the effect of

initiator concentration on the network density the swelling

of hydrogels prepared by varying the [APS] from 4.38 9

10-3 to 21.91 9 10-3 mol/L was studied (Fig. 9). From

the swelling trends it has been observed that swelling first

increased with increase in [APS] up to 13.15 9 10-3 mol/

L then decreased with further increase in feed [APS] during

the synthesis of hydrogels. This may be due to the reason

that higher amount of initiator not only creates too many

active centers for accelerating the rate of homo-polymeri-

zation but also increases the self-crosslinking which

decreases the chain length between the two crosslinks. This

will increase the crosslinking density and decrease the

swelling of the polymer network [34]. Similar decrease has

been observed in the swelling of (carboxymethylcellulose-

g-polyacrylamide) hydrogels with increasing concentration

of KPS [32]. The values of diffusion exponent ‘n’, gel

characteristics constant ‘k’, and various diffusion coeffi-

cients are presented in Table 3.

Swelling as a function of pH The swelling studies of

hydrogels were carried out in pH 2.2 buffer, pH 7.4 buffer,

and distilled water in order to study the effect of pH of

swelling medium on the swelling (Fig. 10). Swelling has

been observed more in pH 7.4 buffer than in pH 2.2 buffer

solutions. At lower pH values the –CONH2 groups do not

ionize and keep the networks at collapsed state while at high

pH, it gets partially ionized and the charged COO- groups

Fig. 5 FTIR spectra of

a psyllium, b PVA, and

c psyllium-cl-poly(VA-co-

AAm) hydrogel
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repel each other, leading to the more swelling of polymer

[32, 35]. The values of diffusion exponent ‘n’ indicate that

swelling is occurred through non-Fickian diffusion mech-

anism. The values of various diffusion coefficients show

that in the earlier stages of swelling the rate of diffusion of

water into hydrogel was faster than later stages (Table 4).

Swelling of polymer matrix in 0.9% NaCl solution The

swelling of hydrogels in 0.9% NaCl solution has been

observed less as compared to the distilled water (Fig. 11).

This is due to a screening effect of the additional cations

causing a non-perfect anion–anion electrostatic repulsion

between –COO- ions. This will decrease the osmotic

pressure (ionic pressure) difference between the hydrogel

networks and the external solution [36, 37]. The swelling

of hydrogels has been observed through non-Fickian dif-

fusion mechanism (Table 4). The values of diffusion

coefficients are presented in Table 4.

Swelling of hydrogels as a function of temperature Effect

of temperature of the swelling medium on the swelling of
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Fig. 6 Effect of [AAm] on swelling kinetics of psyllium-cl-poly(VA-

co-AAm) hydrogels in distilled water at 37 �C. Reaction time = 3 h,

Reaction temp. = 65 �C, Psyllium = 1 g, PVA = 5% (w/v), [APS] =

21.91 9 10-3 mol/L, [NN-MBA] = 32.43 9 10-3 mol/L, Water =

10 mL

Table 3 Results of diffusion exponent ‘n’, gel characteristic constant ‘k’, and various diffusion coefficients for the swelling of psyllium-cl-
poly(VA-co-AAm) hydrogels

S. No. Parameter Diffusion

exponent, ‘n’

Gel characteristic

constant ‘k’ 9 103
Diffusion coefficients (cm2/min)

Initial

Di 9 104
Average

DA 9 104
Late time

DL 9 104

Variation of [AAm] 9 102 (mol/L)

1 14.07 0.627 15.195 34.24 430.25 33.51

2 28.14 0.640 9.831 45.80 823.51 53.46

3 42.21 0.629 10.366 53.53 976.91 63.74

4 56.27 0.596 13.062 46.39 841.49 55.26

5 70.34 0.576 14.696 51.01 951.68 61.33

Variation of PVA contents % (w/v)

6 1 0.605 14.798 60.83 926.42 65.35

7 2 0.640 11.434 58.55 896.05 62.64

8 3 0.627 10.656 39.68 708.79 46.79

9 4 0.620 11.511 44.25 764.78 50.83

10 5 0.629 10.366 53.53 976.91 63.74

Variation of [NN-MBA] 9 103 (mol/L)

11 6.48 0.831 6.155 172.94 1233.94 135.17

12 12.97 0.792 7.936 269.45 1959.31 218.16

13 19.46 0.759 8.437 209.88 1858.57 176.48

14 25.95 0.783 8.941 375.24 2628.97 303.27

15 32.43 0.627 10.656 39.68 708.79 46.79

Variation of [APS] 9 103 (mol/L)

16 4.38 0.583 14.561 52.91 1001.08 63.37

17 8.76 0.638 11.847 102.05 1532.68 108.05

18 13.15 0.730 8.676 177.76 1738.16 157.67

19 17.53 0.621 14.565 63.50 860.05 64.44

20 21.91 0.627 10.656 39.68 708.79 46.79
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the hydrogels is closely related to the temperature depen-

dence of the polymer–water and polymer–polymer inter-

actions [38] and was studied by taking the swelling at 27

and 37 �C in distilled water (Fig. 12). Swelling at 37 �C

has been observed more than the swelling at 27 �C. This is

due to increase in kinetic energy of solvent molecules,

increase in rate of diffusion of solvent molecules and

polymer chain mobility/polymer chains relaxations with

increase in temperature of the swelling medium [35]. Non-

Fickian type diffusion mechanism has been observed for

the diffusion of water molecules in the polymer matrix.

The values of diffusion coefficients in the earlier stages

have been observed more as compared to later stages of the

swelling (Table 4).
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Fig. 7 Effect of PVA content on swelling of psyllium-cl-poly(VA-

co-AAm) hydrogels in distilled water at 37 �C. Reaction time = 3 h,

Reaction temp. = 65 �C, Psyllium = 1 g, [AAm] = 42.21 9 10-2

mol/L, [APS] = 21.91 9 10-3 mol/L, [NN-MBA] = 32.43 9 10-3

mol/L, Water = 10 mL

30 60 90 120 150 180 210 240 270 300 1440
0

2

4

6

8

10

12

14

A
m

ou
nt

 o
f 

w
at

er
 u

pt
ak

e 
pe

r 
gr

am
 o

f 
hy

dr
og

el
 (

g)

Time(min.)

  6.48×10-3 mol/L

 12.97×10-3 mol/L

 19.46×10-3 mol/L

 25.95×10-3 mol/L

 32.43×10-3 mol/L

Fig. 8 Effect of [NN-MBA] on swelling kinetics of psyllium-cl-
poly(VA-co-AAm) hydrogels in distilled water at 37 �C. Reaction

time = 3 h, Reaction temp. = 65 �C, Psyllium = 1 g, [AAm] =
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Fig. 9 Effect of [APS] on swelling kinetics of psyllium-cl-poly(VA-

co-AAm) hydrogels in distilled water at 37 �C. Reaction time = 3 h,

Reaction temp. = 65 �C, Psyllium = 1 g, [AAm] = 42.21 9 10-2
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Fig. 10 Effect of pH of swelling medium on swelling kinetics of

psyllium-cl-poly(VA-co-AAm) hydrogels at 37 �C. Reaction time =

3 h, Reaction temp. = 65 �C, Psyllium = 1 g, [AAm] = 42.21 9

10-2 mol/L, PVA = 3% (w/v), [NN-MBA] = 32.43 9 10-3 mol/L,

[APS] = 17.53 9 10-3 mol/L, Water = 10 mL
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Release dynamics of the drug in different medium

The polymers were synthesized at the optimum conditions

and were used to study the release dynamics of the model

drug. The release profile of the ciprofloxacin from the drug

loaded polymer matrix in different release medium at

37 �C is presented in Fig. 13. The amount of drug released

in pH 7.4 buffer has been observed higher than the release

in pH 2.2 buffer solution. This may be due to more

swelling of hydrogel in 7.4 pH buffer solution. The per-

centage of the total drug release with time is shown in

Fig. 14. The values of diffusion exponent ‘n’ and gel

characteristic constant ‘k’ for the release of drug from drug

loaded hydrogels in different releasing are presented in the

Table 5. The release of drug in pH 7.4 (n = 0.493) and pH

2.2 (n = 0.462) buffer occurred through Fickian diffusion

mechanism, while in distilled water (n = 0.505), the

release occurred through non-Fickian diffusion mecha-

nism. The values of various diffusion coefficients values

are presented in Table 5. It has been observed from the

table that in earlier stages the rate of diffusion of cipro-

floxacin was higher than the later stages. This may be due

to the higher concentration gradient of drug in polymer

matrix and higher rate of swelling in the earlier stages. In

Table 4 Results of diffusion exponent ‘n’, gel characteristic constant ‘k’, and various diffusion coefficients for the swelling kinetics of psyllium-

cl-poly(VA-co-AAm) hydrogels

S. No. Parameter Diffusion

exponent ‘n’

Gel characteristic

constant ‘k’ 9 103
Diffusion coefficients (cm2/min)

Initial

Di 9 104
Average

DA 9 104
Late time

DL 9 104

Effect of pH

1 7.4 pH buffer 0.555 17.302 32.32 623.76 39.27

2 2.2 pH buffer 0.615 12.078 36.23 631.11 41.61

3 Distilled water 0.621 14.565 63.50 860.05 64.44

Effect of [NaCl]

4 0.9% NaCl 0.608 12.153 31.70 576.67 37.43

5 Distilled water 0.621 14.565 63.50 860.05 64.44

Effect of temperature

6 27 �C 0.620 12.715 31.46 496.49 34.40

7 37 �C 0.621 14.565 63.50 860.05 64.44
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Fig. 11 Effect of 0.9% NaCl solution on swelling kinetics of

psyllium-cl-poly(VA-co-AAm) hydrogels at 37 �C. Reaction time =

3 h, Reaction temp. = 65 �C, Psyllium = 1 g, [AAm] = 42.21 9

10-2 mol/L, PVA = 3% (w/v), [NN-MBA] = 32.43 9 10-3 mol/L,

[APS] = 17.53 9 10-3 mol/L, Water = 10 mL
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Fig. 12 Effect of temperature of swelling medium on swelling

kinetics of psyllium-cl-poly(VA-co-AAm) hydrogels. Reaction

time = 3 h, Reaction temp. = 65 �C, Psyllium = 1 g, [AAm] =

42.21 9 10-2 mol/L, PVA = 3% (w/v), [NN-MBA] = 32.43 9

10-3 mol/L, [APS] = 17.53 9 10-3 mol/L, Water = 10 mL
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fact this is very good observation for the design of con-

trolled drug delivery system, where after maintaining cer-

tain concentration, drug has to be release in control

manner. Since the release is more in pH 7.4 buffer, the drug

loaded hydrogels may be used as a double potential drug

delivery system for the treatment of diseases associated

with colon like diverticulitis. The slow release behavior of

the PVA based hydrogels is further supported by the work

carried out by Moretto and coworkers. These worker in one

study have observed that when PVA hydrogels containing

tylosin (antibiotics of veterinary interest) were adminis-

tered to rats per os the drug could not be detected in the

blood, but it was found in organs,: liver, kidneys, and

muscles, for up to 120 h. On the other hand, when the same

amount of drug was administered orally as powder, no

appreciable organ accumulation was detected, while the

drug was found in feces and urine. These data show that

PVA hydrogels can be a suitable slow release system for

tyrosine administration [39].

Conclusion

It is concluded from the foregone discussion that the

composition of the composite polymer matrix and nature of

the swelling medium affect the swelling of the hydrogels.

In most of the cases, swelling of the hydrogels decreased

with increase in feed AAm, PVA, NN-MBA, and APS

concentration in the reaction system. Swelling of hydrogels

and release of ciprofloxacin from the drug loaded hydro-

gels have been observed more in pH 7.4 buffer as com-

pared to the pH 2.2 buffer. Hence the release of model drug

ciprofloxacin from the present drug delivery system may be

used as for the treatment of diseases associated with the

colon. The swelling of hydrogel occurred through non-

Fickian diffusion mechanism in all swelling medium con-

ditions while the drug release from the drug loaded

hydrogels has been occurred through Fickian diffusion

mechanism in pH 2.2 and pH 7.4 buffer and through non-

Fickian diffusion mechanism in distilled water. The values

obtained for the earlier stages diffusion coefficients have

been obtained higher than the later diffusion coefficients

Table 5 Results of diffusion exponent ‘n’, gel characteristic constant ‘k’, and various diffusion coefficients for the release of ciprofloxacin from

drug loaded psyllium-cl-poly(VA-co-AAm) hydrogels

Release medium Diffusion

exponent ‘n’

Gel characteristic

constant ‘k’ 9 103
Diffusion coefficients (cm2/min)

Initial

Di 9 104
Average

DA 9 104
Late time

DL 9 104

pH 2.2 buffer 0.493 40.832 82.47 1116.40 90.71

pH 7.4 buffer 0.462 48.551 58.37 860.71 67.09

Distilled water 0.505 48.440 98.59 1050.09 115.45
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Fig. 13 Release profile of ciprofloxacin from drug loaded psyllium-

cl-poly(VA-co-AAm) hydrogels in different medium at 37 �C.

Reaction time = 3 h, Reaction temp. = 65 �C, Psyllium = 1 g,

[AAm] = 42.21 9 10-2 mol/L, PVA = 3% (w/v), [NN-MBA] =

32.43 9 10-3 mol/L, [APS] = 17.53 9 10-3 mol/L, Water = 10 mL,

drug loading = 600 lg/mL
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Fig. 14 Percentage of the total release of ciprofloxacin from drug

loaded psyllium-cl-poly(VA-co-AAm) hydrogels in different medium
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for the release of drug from the hydrogels. The present drug

delivery system may have the dual action for the treatment

of diverticulitis because of laxative action of psyllium to

the treatment of constipation which is responsible for the

diverticulitis and slow release of ciprofloxacin for the

microorganism infested in the diverticula.
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