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Abstract

This paper describes the synthesis of capecitabine-loaded semi-interpenetrating network hydrogel microspheres of chitosan-poly(ethylene oxide-
g-acrylamide) by emulsion crosslinking using glutaraldehyde. Poly(ethylene oxide) was grafted with polyacrylamide by free radical polymerization
using ceric ammonium nitrate as a redox initiator. Capecitabine, an anticancer drug, was successfully loaded into microspheres by changing
experimental variables such as grafting ratio of the graft copolymer, ratio of the graft copolymer to chitosan, amount of crosslinking agent and
percentage of drug loading in order to optimize process variables on drug encapsulation efficiency, release rates, size and morphology of the
microspheres. A 2* full factorial design was employed to evaluate the combined effect of selected independent variables on percentage of drug
release at Sh (response). Regression models were used for the response and data were compared statistically using the analysis of variance
(ANOVA). Grafting, interpenetrating network formation and chemical stability of the capecitabine after encapsulation into microspheres was
confirmed by Fourier infrared spectra (FTIR). Differential scanning calorimetry (DSC) and X-ray diffractometry (XRD) studies were made on
drug-loaded microspheres to investigate the crystalline nature of drug after encapsulation. Results indicated amorphous dispersion of capecitabine
in the polymer matrix. Scanning electron microscope (SEM) confirmed spherical shapes and smooth surface morphology of the microspheres.
Mean particle size of the microspheres as measured by the laser light scattering technique ranged between 82 and 168 wm. Capecitabine was
successfully encapsulated into semi-IPN microspheres and percentage of encapsulation efficiency varied from 79 to 87. In vitro release studies
were performed in simulated gastric fluid (pH 1.2) for the initial 2 h, followed by simulated intestinal fluid (pH 7.4) until complete dissolution.
The release of capecitabine was continued up to 10 h. Release data were fitted to an empirical relationship to estimate the transport parameters.
Dynamic swelling studies were performed in the simulated intestinal fluid and diffusion coefficients were calculated by considering the spherical
geometry of the matrices.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction with capecitabine include bone-marrow depression, cardiotoxi-

city, diarrhoea, nausea and vomiting, stomatitis, dermatitis, etc.

Capecitabine (see Fig. 1) is a pro-drug that is converted
to fluorouracil in the body tissues following the oral admin-
istration. It is widely used in the treatment of metastatic col-
orectal cancer and breast cancer, since it is readily absorbed
from the gastrointestinal tract. The recommended daily dose
is large, i.e., 2.5g/m? and it has a short elimination half-life
of 0.5-1h (Judson et al., 1999). The adverse effects associated
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Hence, formulating capecitabine as a controlled release (CR)
dosage form would provide greater or longer in vitro and in vivo
antitumor activity, thereby reducing its toxic side effects. In par-
ticular, specific advantages of multi-particulate systems such as
microspheres, beads, etc., over other conventional dosage forms
like tablets and capsules have been discussed earlier (Agnihotri
and Aminabhavi, 2004a). However, the main objective of any
CR dosage form is to obtain formulations that would allow the
drug to remain at the therapeutic limits for longer time. The
development of such pharmaceutical forms can be achieved by
using specific polymers that are biocompatible. Among many
such polymers, hydrogels have been widely used for developing
CR devices. Therefore, it would be of interest to choose such
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Fig. 1. Chemical structure of capecitabine.

polymers that have appropriate chemical composition, physico-
chemical nature, biodegradability, chemical stability, mechani-
cal properties, drug release characteristics, desired pharmaceu-
tical dosage form, and administration route (Doelker, 1987).

Hydrogels are the crosslinked hydrophilic polymer networks
that are capable of imbibing large amount of water or biolog-
ical fluids, yet are insoluble in water, but are swollen when
immersed. Their water retaining capacity and good biocompat-
ibility makes them important materials in pharmaceutical and
biomedical applications. Recently, studies (Ekici and Saraydin,
2004; Verestiuc et al., 2004) on multi-component polymers have
been the subject of great interest, since they provide a conve-
nient route to modify the properties in order to meet specific
needs of drug delivery. Among these methods, considerable
interest has been devoted to the development of interpenetrating
polymer network (IPN) hydrogels (Agnihotri and Aminabhavi,
2005; Kurkuri and Aminabhavi, 2004; Kulkarni et al., 2001;
Soppimath et al., 2000) for the CR of drugs. IPN is an inti-
mate combination of two polymers both in the same network,
which is obtained when at least one polymer is synthesized
and/or crosslinked independently in the immediate vicinity of
the other (Sperling, 1981). If only one component of the assem-
bly is crosslinked leaving the other in a linear form, the system
is termed as semi-IPN. Materials formed from IPNs share the
properties that are characteristic of each network (Kosmala et al.,
2000). However, homopolymer alone cannot meet the divergent
demand in terms of both properties and performance. Therefore,
a composite or IPN of two or three different polymers would be
a better choice (Changez et al., 2003).

Chitosan [poly(-(1 — 4)-2-amino-2-deoxy-D-glucose)] is a
deacetylated derivative of chitin, which is a naturally occurring
polysaccharide, found abundantly in marine crustaceans, insects
and fungi (Agnihotri et al., 2004; Ravi Kumar, 2001). Chitosan
is a cationic, biocompatible and biodegradable polymer having
many biomedical applications. Chitosan has many advantages,
particularly in developing micro/nanoparticles. These include:
its ability to control the release of active agents, it avoids the use
of hazardous organic solvents while fabricating particles, it is
soluble in aqueous acidic solution, it is a linear polyamine con-
taining number of free amine groups that are readily available
for crosslinking, its cationic nature allows for ionic crosslinking
with multivalent anions, it has mucoadhesive character, which
increases the residual time at the site of absorption, and so on.
Chitosan has been extensively studied as a carrier for many

drugs (Agnihotri and Aminabhavi, 2004b; Akbuga and Durmaz,
1994), proteins (Calvo et al., 1997) and gels for the entrapment
of cells or antigens (Mi et al., 1999) in pharmaceutical indus-
tries. Among the polymers used to design oral CR dosage forms,
poly(ethylene oxide) (PEO) has been widely used because of its
low toxicity and pH-independent swelling as well as its drug
release properties (Apicella et al., 1993; Zhang and McGinity,
1999; Razaghi and Schwartz, 2002). It is a biologically inert,
flexible polymer and it helps to improve the mechanical proper-
ties of blends when combined with another polymer. In addition,
it possesses mucoadhesive character and is nonionic, so that
it is compatible with an ion-rich environment. Polyacrylamide
is another widely studied hydrogel that possesses soft tissue
biocompatibility and an open porous structure that allows the
transport of incorporated molecules (Risbud and Bhonde, 2000).
It swells in water and retains a significant fraction of water within
its structure and possesses achievable degree of control on the
physical and chemical behaviors. These desirable features make
polyacrylamide a suitable candidate for drug delivery applica-
tions.

The present study is aimed at developing novel type of
semi-IPN microspheres of chitosan with poly(ethylene oxide-g-
acrylamide) for the CR of capecitabine. Formulation and process
variables affecting the preparation of semi-IPN microspheres
and in vitro drug release characteristics have been investigated.
In this investigation, a 2* full factorial design model was used
to investigate the combined influence of four variables: grafting
ratio of the graft copolymer (A), ratio of the graft copolymer to
chitosan (B), amount of crosslinking agent (C) and percentage
of drug loading (D) on percentage of drug release at Sh. A
statistical model with significant interaction terms is derived to
predict the percentage of drug release at 5 h. Graft copolymer of
PEO and polyacrylamide was prepared in two different grafting
ratios. Semi-IPN microspheres were prepared by crosslinking
chitosan in the immediate vicinity of the graft copolymer
by using glutaraldehyde (GA). Semi-IPN microspheres have
been characterized by Fourier transform infrared (FTIR)
spectroscopy, differential scanning calorimetry (DSC), X-ray
diffraction (XRD), and scanning electron microscope (SEM).
Potential applications of the novel semi-IPN matrices for the
CR of an anticancer agent, capecitabine, have been investigated.

2. Materials and methods
2.1. Materials

PEO (M, =900,000 g/mol) and CS (medium molecular
weight with 75-85% deacetylation), having the viscosity
(Brookfield, 1% solution in 1% acetic acid) of 200-800 cps
were purchased from Aldrich Chemical Company, Milwaukee,
WI, USA. Capecitabine was kindly gifted by Sun Pharmaceuti-
cal Ltd., Vadodara, India. Analytical reagent grade samples of
acrylamide, ceric ammonium nitrate, GA (25%, v/v), light lig-
uid paraffin, Span® 80, n-hexane, acetone and methanol were
purchased from S.D. Fine-Chemicals, Mumbai, India. Double
distilled water was used throughout the work. All other chemi-
cals were used without further purification.
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Table 1
Synthetic details and grafting parameters of PEO-g-pAAm copolymers

Graft copolymer code Mass of PEO (g) Mass of AAm (g) Mass of initiator Grafting (%) Grafting Conversion of
(g/g of polymer) efficiency (%) AAm (%)

PEO-1 1 5 408 84.7 81.6

PEO-2 1 10 850 86.4 85.0

2.2. Methods

2.2.1. Synthesis of PEO-grafted-polyacrylamide

PEO-grafted-polyacrylamide (PEO-g-pAAm) copolymer
was prepared by free radical polymerization using ceric ammo-
nium nitrate (CAN) as a redox initiator. Briefly, 1% aqueous
solution of PEO was prepared by dispersing the polymer in dou-
ble distilled water, allowed to hydrate and dissolved overnight
under constant stirring in a 250 mL round-bottom flask. To this,
a solution of 0.07 or 0.14 mol of acrylamide (AAm) was added
and stirred for 1h at 60 °C. The initiator solution containing
5.47 x 10~* mol of CAN was added to the above mixture. The
choice of CAN concentration was based on the preliminary
investigation performed with varying concentration of CAN.
The CAN concentration of 5.47 x 10~* mol was found to be
optimum to complete the grafting reaction. Polymerization was
carried out under continuous purging of nitrogen gas with a con-
stant stirring at 60 °C for 5 h. The reaction mixture was cooled
and a pinch of quinhydrone was added to quench the reaction.
The mass obtained was precipitated in sufficient amount of ace-
tone and the precipitate was washed with methanol:water (8:2)
mixture to remove the homopolymer formed. It was assumed
that there was no residual acrylamide when quinhydrone was
added, i.e., all acrylamide had been incorporated either in the
homopolymer or in the grafted PEO. The graft copolymer
formed was dried under vacuum (60 mmHg) at 40 °C overnight.
The synthetic details are given in Table 1 and reaction scheme
is presented in Fig. 2.

Grafting parameters such as percentage of grafting, percent-
age of grafting efficiency and percentage of conversion of AAm
were calculated as:

Percentage of grafting

Mass of acrylamide in the grafted polymer 100
= X
Mass of polymer taken

ey
Percentage of grafting efficiency
M f grafted pol
_ ass of grafted po ymer. 100 @)
Mass of (polymer + acrylamide)

Percentage of conversion

Mass of acrylamide in the grafted polymer 100
X
Mass of acrylamide taken

3

2.2.2. Preparation of microspheres

Chitosan and PEO-g-pAAm semi-IPN microspheres con-
taining capecitabine were prepared by emulsion crosslinking.
Chitosan and PEO-g-pAAm (total polymer concentration of
2%, wlv) were dissolved in 2% aqueous acetic acid solu-
tion and stirred overnight to get uniform bubble free solution.
Capecitabine equivalent to 25 or 50% (w/w) of dry weight of the
polymer was added to the above polymer solution and stirred
until a homogenous solution was formed. This solution was
emulsified into light liquid paraffin in the presence of 0.5%
Span® 80 using Eurostar stirrer (IKA Labortechnik, Germany)
at 400rpm for 10 min. Then, a mixture of different quantities
of GA and 1 mL of 5N HCl was added slowly and stirring was
continued for 2h. The hardened microspheres were separated
by filtration and washed with n-hexane. The microspheres were
dried at 50 °C for 24 h and stored in a desiccator until further use.
The formation of semi-IPN structure is schematically shown in
Fig. 3.

2.2.3. Factorial design

Traditionally, pharmaceutical formulations have been devel-
oped by changing one variable at a time. The method is time-
consuming and requires lot of imaginative efforts. Moreover,
it may be difficult to evolve an ideal formulation using this
classical technique, since the combined effects of independent
variables are not considered. It is therefore, essential to under-
stand the complexity of the pharmaceutical formulations by
using the established statistical tools such as factorial designs.
The number of experiments required for these studies depends
upon the number of independent variables selected. The facto-
rial design experiments were performed in random order and
various formulations of the microspheres were developed. The
response was measured as percentage of drug release at 5 h from

Step 1
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Fig. 2. Reaction scheme to prepare PEO-g-pAAm copolymer.
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Fig. 3. Schematic representation of the formation of IPN structure.

the microspheres. The design matrix and data obtained from a
single replicate of 2* experiments along with the formulation
codes are given in Table 2. Microsoft Excel® was used to perform
the multiple linear regression analysis. To perform the statistical
analyses of the data, the Statistica® software was employed.

2.2.4. Capecitabine content

Estimation of drug content was done as per the method
adopted earlier (Agnihotri and Aminabhavi, 2004b). Micro-
spheres of known weights were soaked in 50 mL of water for

30min and sonicated using a probe sonicator (UP 400s, dr.
hielscher, GmbH, Germany) for 15 min to break the micro-
spheres and facilitate extraction of the drug. The whole solu-
tion was centrifuged using a tabletop centrifuge (Jouan, MR
23i, France) to remove the polymeric debris and polymeric
debris was washed twice with fresh solvent (water) to extract
any adhered drug. The clear supernatant solution was analyzed
for capecitabine content by UV spectrophotometer (Secomam,
Anthelie, France) at A,y value of 240 nm. The complete extrac-
tion of drug was confirmed by repeating the extraction process
on the already extracted polymeric debris. The percentage of
encapsulation efficiency of the semi-IPN matrix was calculated
as reported before (Agnihotri and Aminabhavi, 2004b) and these
data for various formulations are presented in Table 3.

2.2.5. Particle size measurements

Particle size was measured by using a laser light scattering
technique (Mastersizer 2000, Malvern, UK). Size of the micro-
spheres of different formulations was measured by using a dry
sample adapter. Completely dried microspheres were placed on
the sample tray in an inbuilt vacuum and compressed air system
was used to suspend the particles. The laser obscuration range
was maintained between 1 and 2%. The volume-mean diameter
(Vq) was recorded. The analysis was performed in triplicate and
average values were used.

2.2.6. Swelling studies

To understand the molecular transport of liquids into semi-
IPN microspheres, dynamic swelling studies were performed in
simulated intestinal fluid (SIF) (without enzymes) by mass mea-
surements. It was found from our preliminary observations that
when swelling experiments were performed in simulated gas-
tric fluid (SGF), no significant changes (P < 0.05) were observed.
Hence, we have studied the swelling of microspheres in SIF. The
microspheres were soaked in SIF media maintained at 37 °C. At

Table 2

A design matrix and results of the 2* full factorial experiment

Formulation code Independent variables Independent variables Run label Response
A B C D Grafting Ratio of graft GA Drug Drug release

ratio coplymer:CS (mL) loading (%) (%) at 5h

Fl1 - — — — 1:5 25:75 5 25 (N 69.23

F2 - - - + 1:5 25:75 5 50 d 74.15

F3 - — + — 1:5 25:75 10 25 c 62.22

F4 - + - - 1:5 50:50 5 25 b 64.51

F5 + — — — 1:10 25:75 5 25 a 65.62

F6 - - + + 1:5 25:75 10 50 cd 65.11

F7 - + - + 1:5 50:50 5 50 bd 66.13

F8 + - - + 1:10 25:75 5 50 ad 69.14

F9 - + + — 1:5 50:50 10 25 be 55.56

F10 + - + - 1:10 25:75 10 25 ac 57.19

F11 + + - — 1:10 50:50 5 25 ab 59.03

F12 - + + + 1:5 50:50 10 50 bed 60.09

F13 + - + + 1:10 25:75 10 50 acd 61.03

Fl14 + + - + 1:10 50:50 5 50 abd 61.69

F15 + + + - 1:10 50:50 10 25 abc 51.10

F16 + + + + 1:10 50:50 10 50 abed 56.42

— and + sign indicates low and high levels of a factor, respectively.
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Table 3

Results of percentage of encapsulation efficiency, particle size, molar mass between crosslinks (M.) calculated from Eq. (8), crosslink density (d,) calculated from
Eq. (11), parameters, k and n, correlation coefficient (r) calculated from Eq. (12) and diffusion coefficients (D) calculated from Eq. (7)

Formulation Encapsulation Volume mean particle M. (g/mol) d, (10* mol/cm?) k n r D (10° cm?/s)
code efficiency (%) size (m)

F1 84.00 142 5682 5.46 0.051 0.72 0.998 7.4
F2 86.52 139 6758 3.21 0.062 0.69 0.999 9.1
F3 83.89 82 4145 8.65 0.033 0.86 0.999 4.9
F4 84.70 165 4561 7.74 0.035 0.84 0.989 5.6
F5 82.81 150 4768 7.29 0.037 0.82 0.999 6.0
F6 85.33 88 4784 7.28 0.036 0.82 0.998 6.0
F7 86.53 167 5011 6.83 0.035 0.82 0.999 6.3
F8 87.20 154 5664 5.48 0.051 0.73 0.998 74
F9 78.92 93 2586 11.36 0.030 0.91 0.996 2.5
F10 79.87 89 3045 10.45 0.032 0.88 0.993 32
F11 80.25 168 3460 10.02 0.033 0.88 0.995 39
F12 82.06 96 3683 9.55 0.032 0.87 0.998 4.2
F13 83.14 88 3921 9.07 0.034 0.87 0.999 4.6
F14 84.64 159 3905 9.09 0.033 0.87 0.988 4.6
F15 81.21 95 1682 13.16 0.018 0.97 0.994 1.1
F16 85.53 98 2815 10.89 0.031 0.90 0.996 2.8

@ The correlation coefficient for the estimation of k and n values.

different time intervals, few microspheres representative of the
batch were taken out and blotted off carefully in between tissue
papers (without pressing hard) to remove the surface-adhered
liquid droplets. The swollen microspheres were then weighed
(w1) on an electronic microbalance (Mettler, AE 240, Switzer-
land) to an accuracy of £0.01 mg. Microspheres were then dried
until attainment of constant mass (w») in an oven maintained at
60 °C. Usually, the drying process lasted for 5 h. These studies
were performed in triplicate for each set of the formulated sam-
ples and average values were considered for data analysis. The
percentage of equilibrium water uptake was calculated as:

Mass of swollen beads (w1) — Mass of dry beads (w>)

cally at the Apax value of 240 nm. These studies were performed
in triplicate for each sample and average values were used while
data analysis.

2.2.8. Fourier transform infrared (FTIR) spectral studies
FTIR spectra of the pristine PEO, pristine acrylamide,
PEO-g-pAAm, pristine chitosan, placebo microspheres, pris-
tine capecitabine and capecitabine-loaded microspheres were
obtained. In order to investigate the possible reaction between
GA and capecitabine, pristine capecitabine was treated with

Percentage of water uptake = (
The standard deviation in water uptake data was within 3.0%.

2.2.7. Invitro release studies

Even though swelling studies indicated no significant dif-
ferences (P <0.05) in the swelling behavior in both SGF and
SIF media, the in vitro study was designed to simulate the GIT
conditions when the formulation is administered orally. In vitro
drug release from different formulations of semi-IPN matrices
was investigated in SGF (0.1N HCI, pH 1.2, ionic strength 0.1)
for the first 2 h, followed by the SIF [pH 7.4 phosphate buffer
(0.05 M potassium dihydrogen phosphate), ionic strength 0.09]
(without enzymes) until complete dissolution. These experi-
ments were performed using a fully automated dissolution tester
coupled with the UV system (Logan Instruments Corp., Model
D 800, NJ, USA) equipped with six baskets at the stirring speed
of 100rpm. A weighed quantity of each sample was placed in
500 mL of dissolution medium maintained at 37 °C. The instru-
ment automatically measures the concentration of drug released
at the particular time interval by UV spectrophotometer cou-
pled with flow through cells attached to the instrument and
then replaces the solution back into the dissolution bowl. The
capecitabine concentration was determined spectrophotometri-

Mass of dry beads (w»)

) « 100 @)

GA. The ratio (mL/mg) and concentration of GA as well as
capecitabine was kept identical to that used in formulations. The
time of exposure was also kept identical to that of microsphere
preparation, i.e., 2 h. Then, capecitabine was washed with double
distilled water. After drying, FTIR spectrum was recorded. The
samples were crushed with KBr to get pellets by applying a
pressure of 600 kg/cm?. Spectral scans were taken in the range
between 4000 and 500 cm™! on a Nicolet (Model Impact 410,
Milwaukee, WI, USA) instrument.

2.2.9. Differential scanning calorimetry (DSC) studies

Differential scanning calorimetry (DSC) was performed on
pristine capecitabine, placebo microspheres and capecitabine-
loaded microspheres. DSC measurements were done on a Rheo-
metric Scientific (DSC-SP, Surrey, UK) by heating the samples
from ambient to 400 °C at the heating rate of 10 °C/min in a
nitrogen atmosphere (flow rate, 20 mL/min).

2.2.10. X-ray diffraction (XRD) studies

The crystallinity of pristine capecitabine and capecitabine-
loaded microspheres were evaluated by XRD measurements
recorded for pristine capecitabine, placebo microspheres and
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drug-loaded microspheres using X-ray diffractometer (x-Pert,
Philips, UK). Scanning was done up to 26 of 50°.

2.2.11. Scanning electron microscopic (SEM) studies

SEM images were taken on drug-loaded semi-IPN micro-
spheres. Microspheres were sputtered with gold to make them
conducting and placed on a copper stub. Scanning was done
using Leica 400, Cambridge, UK instrument at National Chem-
ical Laboratory (NCL), Pune, India (courtesy of Dr. S.B. Hal-
ligudi, Catalysis Division, NCL, Pune). Thickness of the gold
layer done by gold sputtering was about 15 nm.

3. Results and discussion
3.1. Synthesis of PEO-grafted-polyacrylamide

Graft copolymerization of PEO with AAm was achieved
by CAN-catalyzed free radical polymerization as presented in
Fig. 2. In the first step, hydrogen abstraction from PEO chain
takes place and free radical sites are generated on PEO chain.
This facilitates the reaction site for AAm monomer on PEO
backbone. Two monomer concentrations of 0.07 and 0.14 mol
were used, which resulted in percentage of grafting efficiency
of 84.7 and 86.4, respectively (see Table 1). The monomer con-
version up to 85% was achieved.

3.2. Preparation and characterization of microspheres

Capecitabine-loaded semi-IPN microspheres of CS and PEO-
g-AAm were prepared by emulsion crosslinking using GA as a
crosslinking agent. By this method, percentage of encapsula-
tion efficiency was found to be in the range of 78.9-87.2. The
microspheres produced were all spherical with smooth surfaces
as revealed by SEM images shown in Fig. 4. Size and size distri-
bution of microspheres were recorded by laser light diffraction
technique (Mastersizer-2000, Malvern, UK). Fig. 5 displays the
particle size distribution pattern. On a population basis, par-
ticle size distribution was found to be unimodal with narrow
size distributions. Calculated values of volume-mean particle
size of the microspheres are included in Table 3. These data
showed a systematic dependence on the amount of crosslinking
agent and also on the ratio of graft copolymer to CS used while
formulating the microspheres. With an increase in crosslinking
agent (for formulations F3, F6, F9, F10, F12, F13, F15 and F16
as compared to formulations F1, F2, F4, F5, F7, F8, F11 and
F14, respectively), microspheres having smaller sizes were pro-
duced, probably due to the formation of a more rigid network.
Also, by increasing the ratio of graft copolymer in the micro-
spheres (for formulations F4, F7, F9, F11, F12, F14, F15 and
F16 as compared to formulations F1, F2, F3, F5, F6, F8, F10
and F13, respectively), an increase in the size of microspheres
was observed, which could be attributed to the formation of big-
ger droplets due to increase in the viscosity of solution with
increasing concentration of graft copolymer during emulsifica-
tion. This was evident from our preliminary studies on viscosity
of chitosan and PEO-g-pAAm, which showed that flow time
of PEO-g-pAAm solution was higher when compared to that of
chitosan solution at the same concentration of both the polymers.

(b)

Fig. 4. SEM images of the microspheres (formulation F2): (a) group of particles
and (b) single particle.

3.3. Factorial design

Effects of individual variables (A, B, C and D) and their
interactions between the four variables in the factorial design of
experiments was calculated using the table of plus and minus
signs for the contrast constants for 2* design as proposed by

5.0
4.5
4.0
3.5
3.0
2.5

2.0

Volume (%)

1.0

0.5

10 100 1000
Particle size (pm)

Fig. 5. Particle size distribution of microspheres (formulation F2).
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Fig. 6. Normal probability plot of the effects for the 2* factorial design.

Montgomery (1997). After performing the regression analysis
from these contrasts, we have estimated the 15 factorial effects.
Since the total number of treatment combinations is large, it
is essential to identify factors having significant effects. As
suggested by Daniel (1987), a normal probability plot of the
estimates of the effects was constructed, which is displayed in
Fig. 6. The effects that are normally distributed, with mean zero
and variance o will tend to fall along a straight line on this plot,
whereas significant effects will have nonzero means, and these
will not lie along the straight line. Thus, the preliminary model
can be specified to contain those effects that are apparently
nonzero based on the normal probability plot. The apparently
negligible effects are combined as an estimate of error. As seen
from the normal probability plot (Fig. 6), important effects that
influence the percentage of drug release at 5 h (response) seem to
be the main effects of A, B, C and D, which are far from straight
line trends. All other effects (interactions), which lie along the
straight line, do not significantly influence the percentage of drug
release at 5 h.

The correlation between effective experimental variables (A,
B, C and D) and the dependant variable (percentage of drug
release at 5 h) was calculated by the multiple linear regressions.
The method of least squares was used to estimate regression
coefficients and the following polynomial equation was derived:

Y =62.380 —2.236X; —3.073X, — 3.799X3 4+ 1.831X4
&)

Here, the coded variables Xi, X7, X3 and X4 represent the
variables A, B, C and D, respectively. The results comparing
the experimentally obtained and model-predicted values of the
response are calculated. The predicted values demonstrate a
good agreement with the experimental data (R> =0.986). A nor-
mal probability plot of the residuals is presented in Fig. 7. The
points on this plot lie reasonably close to straight line, giving
support to our conclusion that A, B, C and D are the only sig-
nificant effects in this study.

3.4. FTIR spectral studies

The grafting of AAm onto PEO was confirmed by FTIR.
Fig. 8 compares FTIR spectra of: (a) PEO, (b) AAm and (c)

-1.4 -0.8 -0.2 -0.4 1.0 1.6
Observed value

Fig. 7. Normal probability plot of the residuals for the 2* factorial design.

PEO-g-AAm. In case of PEO, characteristic bands at 2888 and
1464 cm™! indicate the —CH,— stretching and bending vibra-
tions, respectively. The band at 1412cm™! indicates the C-H
bending vibrations, while the band at 1097 cm~! confirms the
presence of ethereal C—O stretchings. In case of AAm, bands at
1673 and 1610 cm™! indicate amide carbonyl stretching (amide
I band) and amide N-H bending (amide II band) vibrations,
respectively. The bands at 2925 and 1425cm™! indicate CH
stretching and bending vibrations, respectively. The bands at
3356 and 3185 cm ™! are due to primary amide stretching vibra-
tions. The spectra of PEO-g-AAm shows bands at 2919 and
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Fig. 8. FTIR spectra of: (a) PEO, (b) AAm and (c) PEO-g-pAAm (grafting ratio
1:5).
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Fig. 9. FTIR spectra of: (a) PEO-g-pAAm (grafting ratio 1:5), (b) chitosan and
(c) placebo microspheres of formulation F2.

1455cm™! due to —CH,— stretching and bending vibrations,
respectively. The band at 1122cm™! indicate C—O stretching
vibrations due to ether group, while those at 1604 and 1665 cm ™!
indicate amide N-H bending and amide carbonyl stretching
vibrations, respectively. It is clear from the FTIR spectrum that
the graft copolymer, PEO-g-AAm, has both characteristic peaks
of PEO and AAm, which could be an effective evidence of graft-
ing.

FTIR was also used to confirm the crosslinking of semi-IPN
matrix. Fig. 9 compares the FTIR spectra of: (a) PEO-g-AAm,
(b) chitosan and (c) placebo microspheres. In case of chitosan,
a broad band at 3425cm~! is attributed to O-H stretching
vibrations of the hydroxyl groups. The characteristic band at
1653 cm™~! indicates N—H bending vibrations. In case of placebo
microspheres, bands that appeared in both PEO-g-AAm and
CS have also appeared in addition to a band at 1671 cm™!,
which indicates the formation of imine group. This confirms
the crosslinking reaction between amine group of CS and alde-
hydic group of GA. The crosslinked structure is represented in
Fig. 3.

FTIR spectral data were also used to confirm the chem-
ical stability of capecitabine in the semi-IPN microspheres.
For instance, FTIR spectra of: (a) pristine capecitabine, (b)
placebo microspheres and (c) capecitabine-loaded microspheres
are displayed in Fig. 10. Pristine capecitabine showed char-
acteristic bands due to different functional groups. However,
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Fig. 10. FTIR spectra of: (a) pristine capecitabine, (b) placebo microspheres of
formulation F2 and (c) capecitabine-loaded microspheres (formulation F2).

bands appearing at 3432 and 3234 cm™! are due to O—H/N-H
stretching vibrations. The band at 1684 cm™! is due to pyrim-
idine carbonyl stretching vibrations, whereas bands at 1721
and 1756 cm™! are due to urethane carbonyl stretching vibra-
tions. Characteristic bands at 1042 and 1202 cm™! indicate C—F
stretching vibrations as well as the presence of tetrahydrofuran
ring, respectively. When capecitabine is incorporated into semi-
IPN microspheres, along with all other characteristic bands of
placebo microspheres, some additional bands have appeared due
to the presence of capecitabine in the matrix. However, some
bands of capecitabine are not prominent in the drug-loaded
microspheres due to merging of bands observed at frequen-
cies 3234 and 1684 cm™! of the placebo microspheres as well
as that of capecitabine at the same wave numbers. The char-
acteristic bands of capecitabine observed at 1042, 1202 and
1721 cm~! have also appeared in the drug-loaded matrix with-
out any change, which further indicates the chemical stability of
drug in the semi-IPN matrix.

FTIR spectra of the pristine capecitabine and GA-treated
capecitabine were compared (not displayed in Figs. 8§-10) to
investigate the possible reactions between them. It was observed
that FTIR spectrum of GA-treated capecitabine was identical to
that of the pristine capecitabine. In addition, a new peak observed
at 1733 cm™! is due to the presence of the unreacted GA, which
further confirms the chemical stability of capecitabine in the
presence of GA.
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Fig. 11. DSC thermograms of: (a) pristine capecitabine, (b) capecitabine-loaded
microspheres (formulation F2) and (c) placebo microspheres of formulation F2.

3.5. DSC studies

DSC thermograms of: (a) pristine capecitabine, (b)
capecitabine-loaded microspheres and (c) placebo microspheres
are presented in Fig. 11. In case of pristine capecitabine,
two endothermic peaks were observed, one at 122 °C, which
corresponds to melting process and the other at 150°C due
to thermal decomposition. Thermograms of placebo micro-
spheres showed endothermic peaks at 107, 185 and 307 °C.
Similarly, drug-loaded microspheres have shown the same pat-
tern as that of placebo, but no peaks were observed at 122
and 150°C, indicating the amorphous dispersion of drug into
microspheres.

3.6. XRD studies

The X-ray diffraction spectra recorded for (a) pristine
capecitabine, (b) capecitabine-loaded microspheres and (c)
placebo microspheres are presented in Fig. 12. These results
are useful to investigate the crystallinity of capecitabine in the
crosslinked microspheres. Capecitabine has shown character-
istic intense peaks at 26 of 5°, 20° and 25°, but in case of
both the drug-loaded microspheres and placebo microspheres,
no intense peaks were observed at 20 of 5°, 20° and 25°.
Also, diffractograms of both the drug-loaded microspheres
and placebo microspheres are almost identical, indicating the
amorphous dispersion of drug after entrapment into polymeric
microspheres.
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Fig. 12. XRD diffractograms of: (a) pristine capecitabine, (b) capecitabine-
loaded microspheres (formulation F2) and (c) placebo microspheres of formu-
lation F2.

3.7. Liquid transport/diffusion studies

Dynamic swelling experiments were performed gravimetri-
cally in SIF media. These data are displayed in Fig. 13 for some
typically chosen formulations, viz., F2, F6, F10 and F15. It was
observed that swelling capacity of the microspheres decreased
with an increasing amount of GA, due to the formation of a
highly crosslinked rigid network. However, the swelling capac-
ity of microspheres decreased with increasing amount of graft
copolymer in the matrix due to the formation of a rigid semi-IPN
structure as a result of entanglement of both polymeric chains.
Decreased swelling of the microspheres at higher ratio of the
graft copolymer can be explained as a result of decrease in the
amount of chitosan of the network. Indeed, the polyelectrolyte
nature of chitosan induces a high osmotic pressure and thus, a
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Fig. 13. Effect of extent of crosslinking on percentage of water uptake by the
microspheres.
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high swelling occurs due to increase in the translational entropy
of counterions.

From the dynamic swelling results, it is possible to model
the transport process to compute the diffusion coefficient, D.
Diffusion occurs as a result of immersion of microspheres into
the medium of interest and thereby, provoking absorption of
the liquid by the polymer. Mathematical models are available
(Vergnaud, 1991; Crank, 1975) to describe the sorption and
desorption processes under simulated test conditions. Diffu-
sion in spherically shaped matrices can be described by using
Laplace transformation of the Fick’s equation to calculate the
mass uptake by the microspheres using:

M, Dt 1 o Dt
— =6y | —= +2) derff—— | -3 6
Moo 2 (ﬁ ; Dt r2 ©)

where M, is the amount of liquid released at time, ¢ and M
is total amount of liquid in the microsphere. Eq. (6) is quite
complicated to solve. Baker and Lonsdale (1974) have derived
a simple equation appropriate for the present case, after using
the following initial and boundary conditions:

Initial: =0, r<R, C=Cj
(inner part of microspheres)
Boundary: >0, r=R, C=0Cg

(surface of microspheres)

In the above equations, r is the initial radius, R the radius of the
swollen microsphere, and Ci, and Ceq are, respectively concen-
trations at the beginning and at the end of the diffusion process.
Diffusion coefficient can then be calculated for water absorption
or drug release through microspheres by using:

10 2
D— <6M ) - %

where 0 is slope of the linear portion of the plot of M;/M, ver-
sus 1172 curves, r initial radius of the microspheres, and M, is
maximum equilibrium swelling value. The values of D calcu-
lated in SIF media are included in Table 3. Diffusion coefficients
fall in the range (1.1-9.1) x 107%cm?s~! and decrease sys-
tematically with increasing amount of the crosslinking agent
as well as with increasing amount of graft copolymer composi-
tion of the microspheres. This may be attributed to the fact that
with increasing amount of crosslinking agent, a stiffer semi-
IPN matrix is likely to be formed, which would prohibit the
transport of water molecules. Also, with increasing amount of
graft copolymer in the matrix, the rate of swelling of micro-
spheres decreased due to increased entanglement of CS and
PEO-g-pAAm chains. This can also be explained by a decrease
in the amount of chitosan of the network. Indeed, the polyelec-
trolyte nature of chitosan induces high osmotic pressure and
thus high swelling to increase the translational entropy of the
counterions.

3.8. Network parameters

Release of active agents from the polymer matrix depends
upon the extent of crosslinking. Equilibrium swelling data were
thus used to evaluate the network parameters of hydrogels. The
two important structural parameters, viz., molar mass between
crosslinks (M.) and crosslink density (d,) are considered in this
work, since these are widely studied (Flory, 1953). When the
hydrogel matrix is placed in a solvent, it would swell until elas-
tic forces due to stretching of polymer chain segments balance
the osmotic forces that could dissolve the polymer. Such elastic
retractive forces are inversely proportional to molar mass of the
polymer between crosslinks. Thus, lesser molar mass between
two junction points results in a network structure that will be
rigid and exhibits a limited swelling. When M, is large, the net-
work is more elastic and swells rapidly when in contact with
the compatible liquid. In the present case, it is an average molar
mass between entanglements in the semi-IPN structure.

In order to assess the M. values, Flory—Rehner equation
(Flory, 1953) in the following form was used:

Me = —ppVsd[In(1 — ) + ¢ + x#*1 ®)

The volume fraction, ¢ of the polymer in the swollen state was
calculated as:

_ Pp Ma) Pp]_l
=14+—=(— ] -— 9
¢ |: * Ps <Mb Ps ®)

In the above equations, p, and ps are the densities of polymer
(calculated by benzene displacement method) and solvent (cal-
culated by densitymeter), respectively; My and M, are, respec-
tively, the mass of polymer before and after swelling and Vi is the
molar volume of the solvent (18 cm3/mol). Interaction param-
eter, x was calculated using the equation proposed by Bristow
and Watson (1958):

_ Vs Ry
x=B+ (RT) (8s — dp) (10)

Here g is a lattice constant, whose value is taken to be 0.34, Vi
the molar volume of the solvent, R the molar gas constant and
T is the temperature in K (310.15 K). The symbols 5 and 6, are
solubility parameters of solvent and polymer, respectively. The
value of & was taken as 49.7 MPa!/? and dp was calculated by
the group contribution method (Rudin, 1998).

The crosslink density (dy) was calculated as (Savas and
Guven, 2001):

1
_vMC

dy 11
Here v is the specific volume of the polymer. The results of M,
(g/mol) and d, (mol/cm?) are presented in Table 3. The M, values
varied in the range from 1682 to 6758, while d, values are in the
range between 3.21 x 10™* and 13.16 x 10~%. These data indi-
cate that M, values decrease with increasing amount of GA in the
formulation, since the network would become denser. Also, M,
values decreased with increasing graft copolymer composition
of the formulation, indicating the formation of a dense struc-
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Fig. 14. Effect of extent of crosslinking on in vitro release profiles.

ture. Similarly, an amount of GA used and the graft copolymer
contents in the formulations significantly affected the crosslink
density of the semi-IPNs.

3.9. Invitro drug release

In vitro drug release studies were performed in SGF followed
by SIF media (without enzymes). The dependence of the extent
of crosslinking on in vitro release is displayed in Fig. 14, typi-
cally for four formulations, viz., F1, F3, F4 and F9. It is observed
that release rates depend upon the amount of GA used dur-
ing crosslinking. Release was slower for formulations in which
higher amount of GA was used as compared to those formula-
tions in which lower amount of GA was present in the matrix.
This could be due to the fact that at higher crosslinking, free vol-
ume of the matrix will decrease, thereby hindering the transport
of drug molecules through the matrix. This could also reduce the
rate of swelling as well as the rate of drug release from the matrix.
In Fig. 14, it can be seen that for formulation F1, the release is
faster as compared to formulation F3, which contains a higher
amount of GA. Similar trend is observed between formulations
F4 and F9. The release rate can be correlated with the diffusion
coefficient (see Table 3), which indicates that as the diffusion
coefficient increases, the release rate also has increased.

To study the effect of percentage of drug loading on drug
release rates, we have chosen four formulations, viz., F1, F2,
F3 and F6. These results are displayed in Fig. 15. The release
rates are slower for formulations containing lower amount of
drug, while the release rate increased with increasing amount of
drug in the microspheres. The drug in the polymer matrix might
be acting as inert filler by occupying the free volume spaces of
the swollen hydrogel. Capecitabine within the semi-IPN matrix
acts as plasticizer and thus, increases the free volume within
the network. This in turn, will create a more tortuous path for
water molecules to permeate through, but the degree of tortu-
osity depends upon the volume fraction of the filler (Peppas,
1980). From Fig. 15, it can be seen that for formulation F2, the
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Fig. 15. Effect of percentage of drug loading on in vitro release profiles.

release is faster when compared to formulation F1, which con-
tains lower amount of drug. Similar trends are observed between
formulations F6 and F3.

The percentage of cumulative release versus time curves for
microspheres prepared by using different ratios of graft copoly-
mer:chitosan matrices are presented in Fig. 16 for formulations
F8, F14, F10 and F15. Drug release rates are higher for micro-
spheres having lower amount of graft copolymer compared to
those having higher amount of graft copolymer. This further
explains the formation of stiffer polymeric chain entanglements
athigher amount of graft copolymer in the semi-IPN, thus reduc-
ing the rate of swelling as well as release of the drug. From
Fig. 16, one can visualize that drug release is faster for formu-
lation F8 as compared to F14, which contains higher amount of
the graft copolymer. Similar trends can be seen between formu-
lations F10 and F15. Drug release rate was also affected by the
grafting ratio, i.e., composition of the copolymer. The release
rates for formulations F12, F16, F1 and F5 are compared in
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Fig. 16. Effect of graft copolymer:chitosan ratios on in vitro release profiles.
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Fig. 17. Effect of grafting ratio on in vitro release profiles.

Fig. 17, wherein it was seen that capecitabine release from the
microspheres was slightly faster in case of formulations with
lower grafting ratio, i.e., polymer:monomer ratio of 1:5 as com-
pared to formulations having the grafting ratio of 1:10 in the
matrix. This could be due to increased entanglements of the
semi-IPN chains due to the large number of side chains at higher
grafting ratio. Experimental data displayed in Figs. 1317 are
in good agreement with the theoretical predictions made in the
factorial design experiments.

Release results were also analyzed using the empirical equa-
tion (Ritger and Peppas, 1987). The initial 60% drug release data
(i.e., linear region of the plots) were fitted to Eq. (12) to estimate
the release kinetic parameter, k and the diffusional exponent, n:

M _ kt" (12)
Moo

By applying the least-squares estimation method to the
release data at 95% confidence level, the values of k and »n have
been determined. These data along with the values of correlation
coefficient, r are presented in Table 3. Values of k decrease with
increasing crosslink density as well as with increasing ratio of
the graft copolymer in the semi-IPN matrix. The k-values are
small and range between 0.018 and 0.062, indicating mild-type
of interactions between the drug and the polymer matrices. On
the other hand, values of n increased with increasing crosslink
density as well as with increasing ratio of the graft copolymer
in the semi-IPN matrix. These values ranged between 0.69 and
0.97, suggesting that the drug release mechanism can vary from
anomalous to Case II transport (Baker and Lonsdale, 1974),
depending upon the variation in the composition of formula-
tions.

The novel material synthesized in the present research, PEO-
g-pAAm is found to form a potential hydrogel, which can
find applications in the CR of capecitabine. The material has
a good controlled swelling/release behavior and found to hold
the encapsulated drug for a longer period of time (longer drug
retaining capacity). The PEO-g-pAAm utilizes the properties of
all the three most widely used hydrogel polymers, viz., chitosan,

PEO and pAAm. It can thus be regarded as material of choice
for CR formulation of other water-soluble drugs.

4. Conclusions

Semi-interpenetrating network microspheres of chitosan with
poly(ethylene oxide)-g-polyacrylamide were prepared by emul-
sion crosslinking method. Capecitabine, an anticancer drug, was
successfully encapsulated into semi-IPN matrix with percentage
of encapsulation efficiency ranging between 79 and 87. Micro-
spheres formed were spherical in nature with smooth surfaces
having particle size in the range of 82—-168 wm. The results
of 2* factorial design experiment indicated a significant con-
tribution of all the four main effects of grafting ratio, ratio of
graft copolymer:chitosan, amount of GA used and percentage
of drug loading on percentage of drug release at 5 h (response).
Crosslink density of the prepared matrices was significantly
affected by the amount of GA used and the amount of graft
copolymer used to prepare the formulations. The release of
capecitabine depends upon the extent of crosslinking, percent-
age of drug loading, amount of graft copolymer used in the
matrix as well as grafting ratio of the polymer. Higher release
rates were observed for microspheres with lower crosslink den-
sity and lower amount of graft copolymer in the matrix. The
drug release mechanisms vary from anomalous to Case II trans-
port, depending upon the formulation variables. In conclusion,
this work demonstrates the feasibility of preparing semi-IPN
hydrogel matrices by physical blending of the biocompatible
polymers such as chitosan and poly(ethylene oxide)-grafted-
polyacrylamide that are crosslinked with GA.
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