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pH-Sensitive semi-interpenetrating networks (IPNs) based on chitosan (Cs) and acrylamide-grafted
hydroxyethylcellulose (AAm-g-HEC) were prepared in the form of microspheres (MPs) by emulsion-
crosslinking technique using glutaraldehyde (GA) as a crosslinker. Diclofenac sodium (DS) drug was suc-
cessfully encapsulated into IPN microspheres by varying the ratio of Cs and AAm-g-HEC, % drug loading,
and amount of GA. DS encapsulation of up to 83% was obtained as measured by UV spectroscopy. MPs
with average particle sizes in the range of 188–310 lm were obtained. MPs were characterized by Fourier
transform infrared spectroscopy (FTIR), Scanning electron microscopy (SEM), and Differential scanning
calorimetry (DSC). Diffusion coefficients (D) of water transport through the microspheres were deter-
mined using an empirical equation. In vitro release of DS from these matrices has been investigated in
pH 1.2 and 7.4 media.

� 2009 Published by Elsevier Ltd.
The pH-sensitivity of hydrogel is an important factor in design-
ing polymers for controlled drug release in the gastrointestinal
tract (GIT). The pH of the GIT varies from pH 1 to 3 in the stomach
and increases to approximately 7–8 in the colon.1,2 The pH-sensi-
tivity of hydrogels is due to the presence of weakly acidic and/or
basic functional groups on the polymer backbone. Particularly,
synthetic polymers like poly(methyl methacrylate),3 poly(acrylic
acid),4 poly (N,N-iso-propylacrylamide),5 and natural polysaccha-
rides, such as chitosan,6 have been used as pH-sensitive drug
delivery systems. Chitosan, a polyaminosaccharide, is a partially
deacetylated polymer of N-acetyl glucosamine and is usually pre-
pared from chitin. Chitosan and chitin are natural polysaccharides
found in a wide range of natural sources such as crustaceans, fungi,
and insects.7 Chitosan has many biomedical applications over poly-
saccharides due to its non-toxic, biocompatible, and biodegradable
nature.8–10 The crosslinked chitosan can be used as a pH-sensitive
hydrogel that swells in acidic solutions due to protonation of free
amino groups. Chitosan hydrogels have been widely used in con-
trolled release (CR) of drugs in stomach via oral route.11–13

Hydroxyethylcellulose (HEC) is a non-ionic polymer with little
surface activity in solution and is compatible with a wide range
of surfactants and salts.The mechanical strength of HEC can be im-
proved by modifying it through grafting with acrylamide (AAm).
Copolymers and terpolymers containing AAm offer a number of
advantages, which include high permeability to both hydrophobic
Elsevier Ltd.

: +91 8282 256255.
igara).
and water-soluble solutes and increased mechanical strength,
depending upon copolymer composition and crosslink density.14–16

Diclofenac sodium (DS), one of the most useful non-steroidal
anti-inflammatory drugs (NSAIDs) is a practically insoluble com-
pound in acidic solution (pKa 4.0), however, it dissolves in intesti-
nal fluid. It has a short half-life in plasma (1–2 h). The daily dose
varies between 75 and 200 mg/person, given in 3 or 4 divided por-
tions depending on the route of administration. The most common
adverse effects of the drug are gastritis, peptic ulceration, hyper-
sensitivity reactions, and depression of renal functions.17–20

Because of the short biological half-life and associated adverse
effects, it is considered as an ideal model drug for controlled drug
delivery. Recently, a number of studies have described oral release
formulations of DS using chitosan matrix that has been reticulated
covalently or ionically due to the amino groups of the biopoly-
mer.21–29 In this study, we report the synthesis of AAm-g-HEC to
produce the IPN microspheres with Cs crosslinked by GA for the
CR of DS. The microspheres formed have been characterized by
variety of techniques to understand their drug release characteris-
tics and morphological as well as chemical interactions.
1. Experimental

1.1. Materials

Chitosan from crab shells with 85% deacetylation degree was
obtained from Sigma–Aldrich. Diclofenac Sodium was obtained
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http://www.sciencedirect.com/science/journal/00086215
http://www.elsevier.com/locate/carres


HEC

R= CH 2CH2OH

CAN n

O

Ce
+4

OR

O

OH

HO

OR

O

OH

OH
OO

700 A. AL-Kahtani Ahmed et al. / Carbohydrate Research 344 (2009) 699–706
from Bio-ethicals, Hubli, India. Hydroxyethylcellulose (medium
molecular weight), acrylamide, acetic acid, ceric ammonium ni-
trate (CAN), light liquid paraffin oil, n-hexane, glutaraldehyde
(25% solution), and Tween-80 were purchased from LOBA Chemi-
cal, Mumbai, India. All the chemicals were used without further
purification.
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Scheme 1. Proposed reaction mechanism for grafting of acrylamide AAm onto
hydroxyethylcellulose HEC using ceric ion initiation.
1.2. Synthesis of acrylamide grafted onto hydroxylethylcellulose

Acrylamide grafted onto hydroxyethylcellulose, hereafter desig-
nated as (AAm-g-HEC), was prepared by free-radical polymeriza-
tion. A 2% aqueous solution of HEC was prepared by dissolving
the polymer in distilled water under constant stirring in 250 mL
three-necked round-bottomed flask overnight. To this, a solution
of 0.14 mol of acrylamide (AAm) was added and stirred for 1 h at
70 �C. The initiator solution containing 5.47 � 10�4 mol of CAN
was added dropwise to the above mixture. Free radical polymeri-
zation was carried out under continuous purging of nitrogen gas
with a constant stirring at 70 �C for 5 h. The reaction mixture
was then cooled and a pinch of hydroquinone was added to quench
the reaction. The grafted copolymer that was obtained was precip-
itated in acetone and was washed with aqueous acetone to remove
the monomer residues and the byproduct poly acrylamide homo-
polymer. The solid copolymer was dried in an electrically con-
trolled oven at 40 �C before further use. Samples of grafted
copolymers of varying compositions were synthesized by the same
procedure as mentioned above. The % grafting efficiency was calcu-
lated by

% Grafting effciency ¼ W1 �W0

W2

� �
� 100 ð1Þ

where W0, W1 and W2 denote weights of hydroxyethylcellulose,
grafted copolymer, and monomer, respectively. The proposed reac-
tion mechanism is presented in Scheme 1.
Table 1
Results of percent encapsulation efficiency and mean size of the microspheres at 6 mL
GA and stirring speed of 600 rpm

Formulation
codea

% AAm-g-HEC in
microspheres

% Diclofenac
sodium loaded

% Encapsulation
efficiency

Mean particle
size (lm)

P-012 — 15 60 188
P-022 — 30 62 190
P-032 — 45 63 192
P-112 15 15 66 220
P-122 15 30 72 224
P-132 15 45 76 230
P-212 30 15 70 260
P-222 30 30 73 264
P-232 30 45 77 265
P-312 45 15 80 305
P-322 45 30 82 308
P-332 45 45 83 310

a P-312 refers to Formulation with three parameters, three AAm-g-HEC compo-
sitions, three DS loadings and three crosslinking amount.
1.3. Preparation of semi-IPN MPs and drug loading

Semi-IPN microspheres of Cs and different amounts of AAm-g-
HEC (15%, 35%, 45%) were prepared by emulsion-crosslinking
method using GA as a crosslinking agent. Weighed amounts of
Cs and AAm-g-HEC were dissolved in 2% acetic acid solution with
continuous stirring for 24 h to obtain a homogeneous solution.
Required amount of diclofenac sodium was dispersed in the
above polymer solution and allowed to stir overnight. This solu-
tion was emulsified into light liquid paraffin in the presence of
1% Tween-80 using mechanical stirrer equipped with a three-
blade propeller at 500 rpm for 10 min. Then, a mixture of differ-
ent quantities of GA and 1 mL of 5 N HCl was added slowly to this
w/o emulsion to harden the microspheres, and stirring was con-
tinued for 2 h. The MPs thus produced were separated by filtra-
tion and washed repeatedly with n-hexane followed by water
to remove the paraffin oil and excess of the crosslinking agent.
Totally, 12 formulations were prepared by varying three parame-
ters, that is, amount of AAm-g-HEC, drug loading, and amount of
crosslinking. To understand the variables, formulation codes are
assigned as given in Table 1. For example, the formulation code,
P-xyz refers to three variables namely, x—represents three
amounts of AAm-g-HEC numbered as 0, 1, 2, and 3 for 0%, 15%,
30%, and 45% AAm-g-HEC in IPN, y—represents three amounts
of drug loadings numbered as 1, 2, and 3 for 15%, 30%, and 45%
of drug in the microspheres, z—represents three amounts of
crosslinking numbered as 1, 2, and 3 for 3 mL, 6 mL, and 9 mL
of GA added. The formation of semi-IPN structure is schematically
shown in Scheme 2.
1.4. Estimation of percent drug loading and encapsulation
efficiency

The amount of DS loaded in the microspheres was estimated by
grinding �10 mg of the microspheres to powder using an agate
mortar, extracted for 24 h with 50 mL of buffer solution pH 7.4 at
50 �C. The solution was centrifuged to separate the suspended
polymer particles which are washed twice to extract the drug com-
pletely into the centrifugate. The clear supernatant centrifugate
was diluted with the buffer solution and was analyzed by UV-spec-
trophotometer (Shimidzu, Japan) at kmax of 278 nm. These data
were collected in triplicate, but the average values (standard errors
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<3%) were considered in calculating the percent drug loading and
encapsulation efficiency. These were calculated as follows:

% Drug loading ¼ Weight of drug in microspheres
Weight of microspheres

� �
� 100 ð2Þ

% Encapsulat ion efficiency ¼ Actual drug loading
Theoretical drug loading

� �
� 100

ð3Þ

These data for various formulations are presented in Tables 1 and 2.

1.5. Swelling studies

Equilibrium water uptake by the microspheres was determined
by measuring the extent of swelling of the matrix in phosphate
solutions having pHs 1.2 and 7.4. To ensure complete equilibration,
samples were allowed to swell for 24 h to obtain equilibrium at
37 �C. Excess surface adhered liquid drops were removed by blot-
ting, and the swollen microspheres were weighed on an electronic
microbalance. The hydrogel microspheres were then dried in an
oven at 60 �C for 5 h until there was no change in the weight of
the dried mass of the samples. The percent equilibrium water up-
take (Q) was calculated as

Q ¼ W1 �W0

W0

� �
� 100 ð4Þ

where W1 is the mass of swollen MPs and W0 is the mass of dry
MPs.

Drug release from the crosslinked hydrogel depends upon the
extent of water penetration into the matrix. In order to understand
the molecular transport of water into crosslinked microspheres,
Table 2
Results of percent encapsulation efficiency and mean size of the MPs with different
amounts of GA for MPs containing 30% AAm-g-HEC and 30% drug at stirring speed of
600 rpm

Formulation code Crosslinking agent
(GA in ml)

% Encapsulation
efficiency

Mean particle
size (lm)

P-221 3 82 284
P-222 6 73 264
P-223 9 60 240
dynamic swelling studies were carried out by the microscopic
technique.30 The change in diameter of the microspheres in gastric
and intestinal pH conditions was monitored as a function of time.
Experiments were performed in triplicate, but average values were
considered for data treatment and calculations.

1.6. In vitro release studies

In vitro release of diclofenac sodium from IPN microspheres was
carried out in simulated gastric fluid of pH 1.2 for the initial 2 h and
then in simulated intestinal fluid of pH 7.4, until completion of dis-
solution maintained at 37 �C. The experiments were carried out
using the USP-I dissolution tester (Dissotest, Lab India, Mumbai).
Into 500 mL of the dissolution fluids was introduced 100 mg of
each sample and stirred at 100 rpm. At regular intervals of time,
aliquots of 5 mL were withdrawn and analyzed for diclofenac so-
dium at kmax value of 278 nm using a UV-spectrophotometer
(Shimidzu, Japan). Dissolution medium was maintained at con-
stant volume by replacing the samples with a fresh dissolution
medium.

1.7. Fourier transform infrared (FTIR) spectral studies

FTIR spectra of plain Cs, MPs of Cs, and Cs/AAm-g-HEC were
measured using Shimadzu-1800S spectrophotometer at 2 cm�1

resolution with 64 scans over the spectral range from 4000 to
400 cm�1. All the samples were crushed with potassium bromide
and pellets were obtained by applying a pressure of 600 kg/cm2

using FTIR pellet maker.

1.8. Differential scanning calorimetry (DSC) studies

For the differential scanning calorimetric (DSC) measurements,
a Perkin–Elmer DSC-7 operating in a dynamic mode was employed.
Nitrogen gas was used as an inert gas at a flow rate of 20 mL/min.
Each sample (80 mg) of (a) plain diclofenac sodium, (b) drug-
loaded microspheres, and (c) placebo microspheres was placed in
aluminum pan. An empty aluminum pan was used as a reference,
and a heating/cooling rate of 10 �C/min was applied throughout
the study with scan ranges between 0 and 300 �C.



Figure 1. FTIR spectra of (a) plain HEC and (b) AAm-g-HEC.
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1.9. Scanning electron microscopic (SEM) studies

SEM micrographs of the microspheres were measured using a
JEOL model JSM-840A scanning electron microscope (Japan), and
micrographs were taken at the required magnification. A working
distance of 33.5 mm was maintained, and the acceleration voltage
used was 10 kV with the secondary electron image (SEI) as a
detector.

1.10. Particle size measurements

Particle size of the MPs was measured using optical microscopy
(Swift Prior transmitted light microscope, Instrument UK). About
200 mg of MPs was dispersed into 100 mL of methanol and was
stirred under sonication for 2 min to remove agglomerations of
MPs. For measurement of sizes of different formulations, the sam-
ple holder was cleaned with distilled water followed by acetone to
prevent cross contamination. The mean particle size (lm) was
recorded, and these results are included in Tables 1 and 2.

2. Results and discussion

2.1. Preparation and characterization of microspheres

Graft copolymerization of HEC with AAm was carried out by
Ce(IV)-catalyzed free radical polymerization. The complex formed
with the –OH groups of HEC at the C-2 and C-3 positions decom-
poses to generate the free radical site, facilitating the grafting to
occur at the active site of HEC with the incoming acrylamide
monomer. The proposed reaction mechanism is shown in Scheme
1. The grafting efficiency was found to be 95%. The reaction was
carried out at 70 �C for 6 h. The Ce(IV) toxicology has been investi-
gated, and the results indicated that Ce(IV) salts are not biologi-
cally stable in the aqueous media.31 Therefore, cerium species
that freely circulate in the blood as colloidal compounds or protein
complexes are likely to contain Ce(III). It is also reported that these
ions are non-cytotoxic. The safety of glutaraldehyde (GA) was eval-
uated, and it has been proven that it is non-carcinogenic and safe.32

The diclofenac sodium-loaded IPN microspheres of Cs and AAm-g-
HEC were prepared by crosslinking with GA. The percent encapsu-
lation efficiency ranged between 60 and 83. However, percent
encapsulation efficiency showed a dependence on percent drug
loading, polymer composition, and extent of crosslinking.

The percent encapsulation efficiency of plain Cs microspheres
ranged from 60% to 63%, but for the remaining formulations, it ran-
ged from 66% to 83%. Such smaller values are due to a lesser solu-
ble drug in the polymer solution, thus incorporating a lesser
amount of DS into microspheres.

The percent encapsulation efficiency increased with increasing
amount of the AAm-g-HEC in the microspheres. For microspheres
containing 15, 30, and 45 wt % AAm-g-HEC and 30 wt % DS with
6 mL GA, encapsulation efficiencies were 66%, 73%, and 80% for for-
mulations P-122, P-222 and P-322, respectively (Table 1). How-
ever, the microspheres crosslinked with 3, 6 and 9 mL of GA,
encapsulation efficiencies were, 82%, 73% and 60% for formulations,
P-221, P-222 and P-223, respectively (Table 2). Such a decreasing
trend is due to increasing crosslink density, whereby the micro-
spheres will become rigid, reducing the free volume spaces within
the polymer matrix. The size of particles depends on the amount of
percent AAm-g-HEC content, drug present, and extent of GA used
for crosslinking. In general, the size of particles ranged from 188
to 310 lm (Tables 1 and 2). The particle size of plain Cs is smaller
than that of Cs/AAm-g-HEC MPs. For instance, as the amount of
AAm-g-HEC increased from 15% to 45%, particle size increased
from 220 to 310 lm. This can be explained by the fact that at high-
er amounts of the AAm-g-HEC, the viscosity of polymer solution
increased, thereby producing bigger droplets during emulsification
which were later hardened in the presence of GA. With increasing
amount of drug in the MPs, particle size also increases (Table
1).This is attributed to the fact that drug molecules might have
occupied the free volume spaces within IPN matrix, thereby hin-
dering the inward shrinkage of the polymer matrix.33 However,
amount of crosslinking has a significant effect on the particle size
(Table 2). For instance, for the MPs containing 30% drug and 30%
AAm-g-HEC, with increasing crosslinking, by adding 3–9 mL of
GA, the particle size decreased from 284 to 240 lm for formula-
tions P-221 to P-223. This is attributed to the fact that with
increasing amount of GA in the IPN matrix, the shrinkage of parti-
cles had taken place, thereby reducing their sizes.

2.2. FTIR spectral studies

Figure 1 shows the FTIR spectra of (a) plain HEC and (b) AAm-g-
HEC. As can be seen, in the spectrum of HEC, a broad band at
3440 cm�1 is due to O–H stretching vibrations. The O–H bending
is seen at 1355 cm�1. Aliphatic C–H stretching and bending vibra-
tions are indicated by bands at 2929 and 1429 cm�1, respectively.
The C–O–C stretching vibration is present at 1145 cm�1, while
bands at 1020 and 1050 cm�1 indicate the presence of C–O stretch-
ing vibrations. In case of AAm-g-HEC, all the peaks observed in HEC
had appeared. A new shoulder band that appeared at �3200 cm�1

and a sharp peak around �1665 cm�1 correspond to –NH and
C@O stretching vibration, respectively, thereby confirming grafting
reaction. The new peak at�1560 cm�1 corresponding to C–N bend-
ing vibration further supports the grafting reaction. Figure 2 shows
the FTIR spectra of (a) plain Cs, (b) Cs/AAm-g-HEC, and (c) placebo
microspheres. In case of plain Cs, a broad band that appeared at
�3450 cm�1 corresponded to the amine N–H symmetric stretching
vibration, which might be due to deacetylation of chitosan. Another
broad band appearing around �1073 cm�1 indicates the C–O
stretching vibration of chitosan. Three bands observed at 1650,
1594, and 1379 cm�1 indicate amide-I, amide-II, and amide-III,
respectively. Peaks observed at �2845 and �2919 cm�1 are typical
of C–H stretching vibrations. The observed peaks at �1380 and
�1410 cm�1 are assigned to CH3 symmetrical deformation
mode.34,35

In case of placebo microspheres, all the bands of both Cs and
AAm-g-Dx were observed in addition to a new band observed at
1560 cm�1, which was formed due to imine bonds (C@N) as a re-
sult of crosslinking reaction between amino groups in Cs and alde-
hyde groups in GA.36,37 A reaction leading to the formation of
crosslinks is depicted in Scheme 2.



Figure 3. DSC thermograms of (a) plain diclofenac sodium (b) drug-loaded
microspheres, and (c) placebo microspheres.
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2.3. DSC studies

DSC thermograms of (a) plain DS, (b) drug-loaded microspheres,
and (c) placebo microspheres are displayed in Figure 3. The DSC
thermogram of plain DS showed three endothermic peaks. The first
medium endothermic peak at 50 �C was due to water loss. The sec-
ond and third sharp peaks at 104 and 250 �C are due to polymor-
phism and melting of DS. In case of placebo microspheres, broad
peaks were observed at 88 and 195 �C, respectively, due to endo-
thermic and exothermic transition. In the case of drug-loaded
microspheres, all the peaks observed in placebo microspheres are
noticed, but there was no peak corresponding to DS, indicating
the amorphous dispersion of DS in the polymer matrix.

2.4. SEM studies

SEM micrographs of (a) single repaglinide-loaded microspheres
and (b) group of repaglinide-loaded microspheres taken at 200 and
40 magnifications are shown in Figure 4. In all cases, the micro-
spheres were almost spherical in nature and aggregated with
rough surfaces. This phenomenon may be due to the type of
polymers.

2.5. Swelling studies

For the percent equilibrium water uptake for the plain Cs MPs,
with increasing amount of DS, only a small increase in swelling
was noticed from 200% to 204% (P-012 to P-032) at pH 1.2. How-
ever, in media having a pH 7.4 the percent in swelling ranged from
180% to 184%. The results show that in media having a pH of 1.2,
the equilibrium swelling of MPs was found to be higher than in
the media having a pH of 7.4, which can be attributed to the pro-
tonation of Cs amine groups that lead to structure relaxation due
to the repulsion of the polymeric chains, and the dissociation of
secondary interactions followed by swelling.38 It is also noted that
formulations containing higher amounts of AAm-g-HEC showed
higher swelling rates than those formulations containing lesser
amounts of AAm-g-HEC. As the amount of AAm-g-HEC in the
matrices increased from 15% to 45%, equilibrium water uptake in-
creased significantly from 188% to 239% (P-112 to P-332) at pH 1.2,
Figure 2. FTIR spectra of (a) plain Cs, (b) CS/AAm-g-HEC, and (c) placebo
microspheres.
while at pH 7.4, it increased from 200% to 322%. This is attributed
to the extremely hydrophilic nature of AAm-g-HEC matrix, leading
to higher water uptake. As the amount of GA in the matrices in-
creased from 3 to 9 mL, equilibrium water uptake decreased signif-
icantly from 245% to 150% (P-221 to P-223) at pH 1.2, while at pH
7.4, it decreased from 295% to 170%. The reduction in water uptake
may be due to the formation of a rigid network structure at higher
extent of crosslinking.
Figure 4. SEM micrographs of single repaglinide-loaded MP (a) and group of
repaglinide-loaded MPs (b).
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The dynamic swelling was determined from measured changes
in the microsphere diameter, Dt, as a function of time using an
optical microscope with a micrometer. Figure 5 shows the plot of
normalized diameter, Dt/D0 (where D0 is initial diameter of the
MPs), as a function of time for different amounts of GA added at
pH 7.4, and pH 1.2. It is evident that the normalized diameter de-
creases with increasing amount of GA, which could be due to the
rigid network formed at a higher amount of GA (P-221 to P-223).

In the present study, DS is dispersed in the almost spherically
shaped microspheres; it is possible to model the transport process
to calculate the diffusion coefficient, D. The diffusion process in-
volves immersion of microspheres into the medium of interest fol-
lowed by drastic absorption of the liquid by the polymer matrix.
The sorption and desorption processes under simulated test condi-
tions were described in mathematical models.39,40

Diffusion in spherically shaped matrices can be described by the
following equation derived from Flick’s second law using Laplace
transformation as

Mt

M1
¼ 6

ffiffiffiffiffiffi
Dt
p2

r
1ffiffiffiffi
p
p þ 2

X1
n¼1

ierf
nrffiffiffiffiffiffi
Dt
p

 !
� 3

Dt
r2 ð5Þ

Here, Mt is the amount of liquid released at time t, and M1 is total
amount of liquid in the microsphere. Because Eq. (5) is quite com-
plicated to be solved, Baker and Lonsdale41 have derived a simple
equation appropriate for the present case, after using the following
initial and boundary conditions:

t ¼ 0; r � R; C ¼ Cin ð6Þ
t � 0; R ¼ 0; oCin=oR ¼ 0 ð7Þ
t � 0; r ¼ R; C ¼ Ceq ð8Þ

Here, r is the initial radius, R is the radius of the swollen micro-
sphere, and Cin and Ceq are concentrations at the beginning and at
the end of the diffusion process, respectively, so that
Figure 5. Plot of normalized diameter (Dt/D0) versus swelling time, t is the effect of
extent of crosslinking, (a) at pH 7.4, (b) at pH 1.2.
Mt

M1
¼ 6

ffiffiffiffiffiffiffiffi
Dt
pr2

r
� 3Dt

r2 ; ð9Þ

The above Eq. (9) is valid for the initial drug release (i.e.,
0 � Mt=M1 � 0:4Þ:At short times, Eq. (9) can be approximated as

Mt

M1
¼ 6

Dt
pr2

� �1
2

ð10Þ

The diffusion coefficient (D) of water absorption or drug release
through microspheres can then be computed by using Eq. (11):

D ¼ r/
6

� �2

p ð11Þ

Here, / is slope of the linear portion of the plot of Mt=M1 versus t1/2,
r is initial radius of the microspheres, and M1 is maximum equilib-
rium swelling value.

The values of diffusion coefficient, D, thus calculated are found
to depend on the extent of crosslinking agent added into the poly-
mer matrix. The values of D decreased with increasing amount of
GA in the MPs due to the fact that at higher crosslinking, free vol-
ume of the matrix will decrease, thereby hindering the small
molecular diffusion through the MPs matrix. The D values in media
having a pH of 7.4 are higher than those observed in media having
a pH of 1.2. This indicates that in basic media, more solvent mole-
cules will be transported through the hydrogel matrix than in the
acidic media. This property correlates well with the drug release
characteristics of the MPs developed. The crosslinking of polymer
network generally leads to a reduction in molecular transport, with
the reduced value of diffusion coefficient due to a decrease in crys-
tallinity as a result of introduction of more number of junction
points. In the present system, expectedly, the amount of liquid
transported at any given time decreased with increasing crosslink
density.

2.6. In vitro drug release

To understand the release of DS from the IPN microspheres of Cs
and AAm-g-HEC, in vitro release experiments were carried out in
simulated gastric fluid of pH 1.2 for the initial 2 h, then in simu-
lated intestinal fluid of pH 7.4, for 10 h. When analyzing the release
profile of drugs such as DS, the dependence of solubility on pH
must be taken into account. In fact, DS presents a higher solubility
in water as salt, but once the MPs are in artificial gastric solution
(pH 1.2), DS is converted into its ionized form, which is well known
to be practically insoluble in the stomach.42,43 In contrast, when
the MPs were immersed in a buffer solution of pH 7.4, drug recon-
version into soluble salt depends on dissolution speed. The release
profiles of DS from the different formulations in the pH-change
systems are shown in Figures 6–8. From the figures, it is evident
that the release rate of DS is low in all formulations for the first
2 h in acidic condition (pH 1.2). When the dissolution was changed
to buffer solution of pH 7.4, an initial burst release followed by a
slow release of DS from all formulations was observed.

The percent in vitro release time plots for the drug-loaded
microspheres for formulations P-221, P-222 and P-223 are shown
in Figure 6 to illustrate the effect of pH and crosslinking on
in vitro release profiles. The formulation P-221 shows higher re-
lease rate than P-222, and similarly P-222 exhibits higher release
rate than P-223. This is due to the formation of a more tightly
crosslinked rigid network structure as the amount of crosslinking
agent is increased from 3 to 9 mL.

Effects of polymer ratio in formulations P-022, P-122, P-222,
and P-322 on release rates are presented in Figure 7. The percent
in vitro release is higher in case of P-122 than in P-022. Similarly,
P-222 exhibits higher release rates than P-122, and P-322 exhibits



Figure 8. Effect of percent drug loading on in vitro release profiles of DS in the pH-
change system for formulations P-212, P-222, and P-232.

Figure 6. Effect of different crosslinkings on in vitro release profiles in the pH-
change system for formulations P-221, P-222, and P-223.
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higher release rates than P-222. The results can be explained by the
fact that as the AAm-g-HEC content in the polymer matrix in-
creases, swelling of the matrix increases due to the extremely
hydrophilic nature of AAm-g-HEC, which in turn facilitates the
penetration of water molecules into the loaded gel and subse-
quently enhances the amounts of DS released. The effect of percent
drug loading on in vitro release profiles for formulations P-212, P-
222, and P-232 is displayed in Figure 8. The formulation P-222
exhibits a higher release rate than P-212. Similarly, P-232 shows
higher release rates than P-222. Thus, the release rates vary
depending upon the amount of drug present in the matrices, that
is, release is more for those formulations having higher amount
of drug and vice versa. In phosphate buffer saline of pH 7.4, all for-
mulations showed an initial fast release due to the dissolution of
drug from the surface, but the release of drug was extended up
to 12 h. The release data were investigated by fitting the cumula-
tive fraction release data, Mt/M1, to an empirical equation:44

Mt

M1
¼ ktn ð12Þ

Here, Mt and M1 represent the amount of DS released at time t and
at infinite time, k is a constant characteristic of the drug-polymer
system, and n is the diffusional exponent which suggests the nature
of the release mechanism. The release parameters k and n were
computed by applying the least-squares estimation method to the
release data at 95% confidential limit. The values of k decrease with
increasing crosslinking agent and increase with increasing ratio of
Figure 7. Effect of different blend compositions on in vitro release profile of DS in
the pH-change system for formulation, P-022, P-122, P-222 and P-322.
the grafted copolymer and drug loading in the semi-IPN matrix.
The k-values range between 0.181 and 0.427, indicating mild-type
of interactions between the drug and the polymer matrices. Smaller
values of k indicated the prolonged release of DS from the semi-IPN
matrix. However, the values of n increased with increasing cross-
linking agent and decreased with increasing ratio of the grafted
copolymer and drug loading in the semi-IPN matrix. For instance,
the n values of microspheres prepared by varying the amounts of
GA, 3, 6, and 9 mL keeping DS and AAm-g-HEC (30%) constant ran-
ged from 0.78 to 0.81, indicating that the drug release in the micro-
spheres follows the anomalous transport, as was also suggested in
earlier reports.45,46 The n values for microspheres crosslinked with
3 mL of GA are smaller than those observed with 6 and 9 mL of
GA. This is because of the loose crosslinking of the network matrix,
thereby, leading to greater swelling. The values of n are higher for
microspheres crosslinked with 9 mL of GA due to a tighter cross-
linking of the semi-IPN matrix. Values of n for microspheres pre-
pared by varying the amounts of AAm-g-HEC, 15, 30, and 45 wt %
keeping DS (30%) and GA (6 mL) constant, ranged from 0.65 to
0.58, indicating that the drug release follows non-Fickian type.
However, the DS-loaded microspheres, 15, 30 and 45 wt %, exhib-
ited n values ranging from 0.42 to 0.39, suggesting that the drug re-
lease follows a Fickian type.

3. Conclusions

DS was successfully encapsulated into the MPs and percent
encapsulation efficiency up to 83% was noticed. The percent in
vitro release rates depend upon the pH of the medium, AAm-g-
HEC content, amount of crosslinker and extent of drug loading.
Release rate was initially fast but it gradually became slow, which
extended up to about 12 h. The values of diffusional exponent, n,
calculated from the empirical equation have indicated the non-Fic-
kian transport of drug through the matrices developed. Swelling
studies of the microspheres have shown that with an increasing
amount of AAm-g-HEC in the microspheres, water uptake in-
creased. This effect is correlated with the release rates of drug
though the microspheres contained different amounts of AAm-g-
HEC. FTIR confirmed the formations of semi-IPN MPs. DSC has
confirmed the amorphous dispersion of the drug in the polymer
matrix.
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