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Abstract Interpenetrating polymeric network microspheres (IPNMs) consisting of
poly(vinyl alcohol) and sodium carboxymethylcellulose were prepared by water-in-
oil emulsion method and were cross-linked with glutaraldehyde. 5-Fluorouracil
(5-FU), an anti-cancer drug, was loaded into IPNMs via in situ method. These
IPNMs have been characterized by Fourier transform infrared spectroscopy, which
confirms the cross-linking of IPNMs through glutaraldehyde. Differential scanning
calorimetry and X-ray diffraction analysis of the drug-loaded IPNMs have con-
firmed uniform molecular dispersion of 5-FU in the IPNMs. Particle size measured
using optical microscopy gave an average size of 80-250 um. Scanning electron
microscopy also confirmed the formation of microspheres with smooth surface and
spherical shape. Encapsulation efficiency of 5-FU in these IPNMs was achieved up
to 62%. Drug release profiles of the IPNMs at different pH conditions (pH 1.2 and
7.4) confirmed that microspheres formed are pH sensitive, resulting controlled
release of drug during in vitro dissolution experiments. It has been analyzed with an
empirical equation to understand the diffusion nature of drug through the IPNMs.
Both encapsulation efficiency and release patterns are found to depend on the nature
of the cross-linking agent as well as amount of drug loading. In vitro release studies
indicated the release of 5-FU for more than 10 h.
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Introduction

Interpenetrating polymeric networks (IPNs) have potential applications in the drug
delivery and biomedical field. IPN has lead to the development of bioengineering
tissues, such as bone substitutes, tissue, and cartilage scaffolds [1, 2]. Autologous
tissue engineering provides an alternative for allogenic tissue transplantation. The
study of IPN for drug delivery systems and tissue engineering may lead to a better
understanding of critical diseases. The concepts of high swelling capacity,
specificity, and sensitivity play a crucial role in targeting delivery of drugs. By
understanding the nature of drug delivery systems and their durability in the body,
which can interact with the systems, can be identified. IPN has various advantages
as a biomaterial and is widely used as carrier systems for delivery of the short
biological half-life drugs. There has been a spiky growth in the speed of discovery
and development of IPN over the past few years. Current research supports the
theory that IPN can provide the resources to deliver drugs at a prolonged controlled
release to specific targets. Once optimized, these targeted systems will provide the
better treatment options. So, it can be inferred that IPN-based biomaterials for tissue
engineering and drug delivery system are expected to become a useful matrix
substance for various therapeutic applications in the future. The chemical and
physical combination methods and properties of multipolymers have been of great
practical and academic interest for controlled release of drugs because they provide
a convenient route for the modification of properties to meet specific needs. Among
these methods, considerable interest has been given to the development of IPN’s
based on drug delivery systems [3-5]. IPNs have been recognized as popular
responsive polymers having enhanced physical properties, easy fabrication of
devices, manipulation of device properties, etc., as compared with conventional
blends of their components. This would open up avenues to use IPN’s in designing
the novel controlled release systems. A combination of judicially selected natural
and synthetic polymers based IPN’s has been found to be useful in enhancing the
release of short half-lived drugs under physiological conditions. In order to achieve
this, the properties of natural and synthetic polymers have been modified by
grafting, blending and other means [6]. Blending of synthetic polymers into
cellulose and modified celluloses are widely accepted [7, 8].

It is well known that sodium carboxymethyl cellulose (NaCMC) is carboxy-
methyl ether of cellulose; non-toxic, biocompatible, biodegradable, and abundant
[9-12]. Poly(vinyl alcohol) (PVA) has been used in a wide variety of fields since its
discovery in 1924 [13] because of its desirable properties such as non-toxicity and
non-carcinogenicity. It finds extensive applications as biomaterials [14, 15] such as
contact lenses, artificial blood vessels, artificial intestines [13], and artificial kidneys
[15]. Studies have been carried out for the drug release with PVA hydrogels, which
are biocompatible, chemically stable, and desirable for both bioseparations and cell
encapsulations [14—17]. However, PVA is a highly hydrophilic polymer and has
poor stability in water; thus, its solubility must be prevented for use in aqueous
systems. To overcome this problem, PVA should be insolubilized by blending [18],
copolymerization [19], grafting [20, 21], and cross-linking [22, 23]. Recently our
laboratory developed modified IPN-based carbohydrate polymers for CR systems of
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various types of drugs [24-26]. Aminabhavi and coworkers [27] have developed
semi Interpenetrating network microspheres (IPNMs) of gelatin and NaCMC for
controlled release studies of ketorolac tromethamine. Sequential IPNMs of PVA and
poly acrylic acid were prepared for controlled release studies of diclofenac sodium
[28]. A microspherical formulation of PVA and guar gum hydrogel microspheres
for the controlled delivery of nifedine by emulsion cross-linking method was
developed for treatment in severe hypertension [29]. IPN-based microspherical
formulation was also used for the prolong delivery of anti-cancer drug such as
capecitabine by formation of chitosan-poly(ethylene oxide-g-acrylamide) inter
molecular rigid network [30] and 5-fluorouracil (5-FU) hydrogel microspheres of
chitosan and pluronic F-127 for controlled release of drugs [31]. Novel pH sensitive
microgels based on chitosan, acrylamide-grafted PVA, and hydrolyzed acrylamide-
grafted-PVA used in the controlled release of an antibiotic drug cefadroxil [8].

All compositions of blends of NaCMC and PVA are miscible [32]. NaCMC is an
ionic polyelectrolyte that contains carboxyl groups and is pH sensitive. From the
literature [33, 34], it is understood that the swelling property of physically cross-
linked PVA gels is very poor when compared to the dry state and does not respond
to the environmental changes. Responsive microspheres can be prepared by mixing
with functional components like carboxy methyl cellulose. As the CMC contains
many carboxylate groups that exhibit pH sensitivity can be mixed with PVA and
used for drug release studies. PVA is virtually a linear polymer with small hydrate
groups. So we introduced NaCMC to PVA cross-linked with GA to get both
physical and chemical cross-linking. This is advantage for controlled release
applications to increase the bioavailability of short half-lived drugs compared to
other reported papers [29-31]. Hence, in the present work the authors have
developed PVA/NaCMC blend microspheres for controlled drug release application
by water-in-oil (W/O) emulsion method and loaded with 5-FU as a model drug.
Controlled release capability and reducing toxicity of polymeric carriers are
important for drug delivery applications. 5-FU is an antimetabolic drug, used
extensively in cancer chemotherapy [35—40] and is an antimetabolite, which is used
to prevent the subsequent scarring following trabeculectomy and to improve the
prognosis for long-term retinal reattachment. 5-FU is an acidic, water soluble [41],
hydrophilic drug, and is an antineoplastic agent of extensive use in clinical
chemotherapy for the treatment of solid tumors. It has been widely used in drug
administration due to its large number of secondary effects that accompany its
conventional administration. So, we introduced 5-FU into PVA-NaCMC IPNMs.
The resulting microspheres are capable of being pH responsive character.

Experimental
Materials
PVA having mol wt 125,000, NaCMC with high viscosity grade (500-800 cPs),

analytical reagent grade of glutaraldehyde solution 25% (v/v), n-hexane, and
light liquid paraffin were all purchased from S.D. fine chemicals, Mumbai, India.
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Span-80 was purchased from Loba Chemicals, Mumbai, India. Petroleum ether, b.p.
60-80 °C, was received from Ranbaxy Fine Chemicals Ltd., New Delhi, India.
5-FU was purchased from Himedia chemicals, India. All chemicals were used
without further purification.

Preparation of IPNMs

IPNMs of PVA and NaCMC were prepared by emulsion cross-linking method [42].
In brief, PVA was dissolved in distilled water by continuously stirring at 80 °C until
a homogeneous solution was obtained. After cooling to ambient temperature,
NaCMC was added in the above PV A solution and stirred overnight to obtain a clear
solution. Then, drug was dissolved in the above polymer solution. This solution was
added slowly to a mixture of petroleum ether and light liquid paraffin (40:60, w/w)
containing 1% (w/w) Span-80 under constant stirring at 300 rpm speed for 10 min.
To this emulsion, 1 mL of 0.1 M hydrochloric acid and GA was added slowly and
further stirred for 30 min. The hardened microspheres were separated by filtration,
washed with n-hexane and water to remove the oil and excess amount of unreacted
GA. Microspheres thus formed dried under vacuum at 40° for 24 h and stored in
desiccator for further analysis and characterization. Totally, eight formulations were
prepared by varying the drug concentration, cross-linker (GA) and % of NaCMC.
The representation of IPN is as shown in Scheme 1.

Estimation of drug loading and encapsulation efficiency

The drug-loaded microspheres (10 mg) were pulverized and incubated in 10 mL of
0.02 M phosphate buffer (pH 7.4) at room temperature for 24 h. The suspension
was agitated with agate mortar and filtered through filter paper. The drug solution
was assayed spectrophotometrically for 5-FU content at the wavelength of 270 nm.
The results of % drug loading and encapsulation efficiency were calculated using
following equations.

% Drug loading — <Am0unt of drug in microspheres) « 100

Amount of microspheres

Actual loadi
% Encapsulation efficiency = (Th ¢ u? (ﬁ 1r;g ) x 100
eoretical loading

In vitro release study

Dissolution was carried out using Tablet dissolution tester (Lab India, Mumbai,
India) equipped with eight baskets. Dissolution rates were measured at 37 + 0.5 °C
at constant speed of 100 rpm. Drug release from the microspheres was studied in
0.1 M HCI and in 7.4 pH phosphate buffer solutions. At regular intervals of time,
sample aliquots were withdrawn and analyzed using UV spectrophotometer (Lab
India, Mumbai, India) at the fixed A, value of 270 nm. After each sample
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Scheme 1 Cross-linking reaction between PVA and NaCMC

collection, the same amount of fresh medium at the same temperature was added to
the release medium to maintain the sink condition. All measurements were carried
out in triplicate, and values were plotted with standard deviation errors.

Fourier transform infrared (FTIR) spectroscopy

FTIR spectral measurements performed with Nicolet, Model Impact 410 (USA)
instrument to confirm the cross-linking reaction between PVA and NaCMC
microspheres. Polymeric microspheres finely ground with KBr to prepare pellets
under a hydraulic pressure of 600 kg/cm” and spectra scanned between 4,000 and
500 cm ™! for plain PVA, plain NaCMC and cross-linked microspheres.

DSC analysis

Differential scanning calorimetric (DSC) curves were recorded on a TA instruments
(Model: STA, Qgoo USA). The sample was weighed between 10 and 12 mg. The
samples were heated from 50 to 400 °C at a heating rate of 10 °C/min in nitrogen
atmosphere (flow rate of 100 mL/min).
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X-ray diffraction (X-RD) studies

X-RD measurement of plain drug, drug-loaded microspheres, and plain micro-
spheres were recorded using a Rigaku Geiger flex Diffractometry (Tokyo, Japan)
equipped with Ni-filtered Cu Ko radiation (4 = 1.548 A). The dried microspheres
of uniform thickness were mounted on sample holder, and the patterns were
recorded in the range 0°-50° at the speed of 50/min.

Particle size and scanning electron microscopy

To determine the particle size and size distribution, ~ 100-200 microspheres were
taken on a glace slide and their sizes were measured using an optical microscope
under regular polarized light. Scanning electron microscope (SEM) micrographs of
microspheres were obtained under high resolution (Mag 300x 5kv) Using JOEL
MODEL JSM 840A, SEM, equipped with phoenix energy dispersive analysis of
X-ray (EDAX).

Results and discussions
FTIR spectroscopy

Figure 1 shows the FTIR spectra of (a) plain NaCMC, (b) plain PVA, and (c) plain
IPNMs. FTIR spectral data were used to confirm the cross-linking IPNM chains by
GA. FTIR spectra of plain PVA show a band at 3,453 cm™' due to the —~O-H
stretching vibration. The peak at 2,927 cm™' was due to the —C—H stretching
vibration and the peak at 1,065 cm ™' was due to the -C—O stretching vibration. The
FTIR spectra of plain NaCMC shows a band at 3,460 cm™' due to —O—H stretching
vibration, The band at 2,928 cm™! shows the aliphatic stretching vibration. The
peaks at 1,632 and 1,478 cm ™" were due to asymmetric and stretching vibrations of
—COO group. The band at 1,080 cm™"' represents the -C—O—C— stretching [43].
In case of plain IPNMs, the —OH stretching frequency 3,423 cm™' shifted toward
lower side indicates the development of hydrogen bonding between NaCMC with
PVA and the intense peak at 1,080 cm™' indicating the formation of acetal between
NaCMC, PVA by GA [44]. All these changes show a strong evidence of the
intermolecular interactions, cross-linking, and good molecular compatibility
between NaCMC and PVA.

Differential scanning calorimetry (DSC)

DSC curves for plain PVA-NaCMC microspheres (a), 5-FU loaded microspheres
(b), and pure 5-FU drug (c) are shown in Fig. 2. The drug, 5-FU, exhibit sharp peak
at 287 °C due to polymorphism and melting. However, this peak is not appeared in
the curve of 5-FU loaded microspheres, suggesting that most of the drug was
uniformly dispersed in polymer matrices at molecular level.
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Fig. 2 DSC curves of (a) plain PVA-NaCMC IPNMs, (b) 5-FU loaded IPNMs, and (c¢) pure 5-FU

X-RD studies

X-RD study helps to find the crystallinity of drug in the IPNMs. X-RD analysis of
(a) pure 5-FU, (b) Plain PVA-NaCMC IPNMs, and (c) 5-FU loaded IPNMs are
shown in Fig. 3. X-RD of plain IPNMs (b) semi crystalline peak was obtained at
19.5° due to hydrogen bonds between carboxyl groups of NaCMC and hydroxyl
groups of PVA. The most intensive peaks of 5-FU are observed at 26 of 17°, 29°,
and 32° suggesting its crystalline nature. But, these peaks are not found in
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Fig. 3 X-RD peaks for (a) pure 5-FU, (b) plain PVA-NaCMC IPNMs, and (c¢) 5-FU loaded IPNMs

drug-loaded IPNMs, indicating that the drug is dispersed at molecular level in the
polymer matrix. But compared to plain IPNMs, the drug-loaded IPNMs showed a
decrease in intensity at 19.5° due to interaction between drug and polymer chains.

Particle size and scanning electron microscopy

The results of particle size of microspheres were in the range 80-250 pum. The
variations of particle size with GA content and polymer composition are shown in
Fig. 4a, b. As GA content increases the average size of microspheres decreases.
This was due to the increased resistance to the water diffusing out from the
microspheres during the microsphere formation. A similar observation was reported
by Kulkarni et al. [45] from their drug delivery studies. The % of polymer
composition also affected the size of microspheres. As % of NaCMC increases the
average size of microspheres increased. This may be due to higher viscosity of the
internal phase, which might have rendered higher resistance to the shearing of
emulsion, thereby increasing the microspheres size. Figure 5a, b shows the scanning
electron micrograph of the 5-FU loaded PVA/NaCMC microspheres and found that
they are in the size range of around 200 um and surface of the particles are smooth.
This also confirms the size of the microspheres.

Encapsulation efficiency

Encapsulation efficiency of drug-loaded microspheres depends on drug content,
cross-linking, and polymer composition [46]. Effects of GA and NaCMC content on
encapsulation efficiency of drug-loaded microspheres are given in Table 1. The
encapsulation efficiency of 5-FU increases with increasing amount of NaCMC. This
can be attributed to the fact that at higher concentrations, NaCMC viscosities
leading to a less diffuse matrix structure that hinder drug escape from the
microspheres during the microsphere formation. This can also explains on the basis
of PVA content in the blend composition. The decreasing content of PVA in the
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Fig. 4 Size and size distribution of IPNMs a effect of GA content and b effect of NaCMC

Fig. 5 SEM micrographs of IPNMs: a group of microspheres at low magnification and b single
microsphere at high magnification

blend composition increases trend in encapsulation efficiency was observed. This is
due to PVA produced a compact network of macromolecular chains during the
microspheres formation. GA also effects the encapsulation efficiency of 5-FU. The
increasing content of GA for the formation of microspheres decreases trend in
encapsulation efficiency was observed. This is due to increase in cross-linking
density the microspheres will become more rigid thereby reducing the free volume
spaces within the polymer matrix.

Drug release kinetics

Drug release kinetics was analyzed by plotting cumulative release data versus time
and fitting these data to the exponential equation of the type.
M,
M,

= kt"

Here, M/M, represents the fractional drug release at time #, k is a constant
characteristic of the drug—polymer system, and n is an exponent parameter
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Table 1 Results of % of encapsulation efficiency and release kinetics parameters of different
formulations

Formulation % of % of % of  GA % of k n Correlation
codes PVA NaCMC Drug (mL) EE =+ SD coefficient r
P1 90 10 7.5 5 549 +£1.6 0.02131 057 0.9322
P2 90 10 10 5 564+ 14  0.02965 0.54 0.9822
P3 90 10 15 5 58.1 £2.6 0.04213 050 0.9732
P4 90 10 10 7.5 558+ 1.6 0.01368 0.67 0.9731
P5 90 10 10 2.5 623+ 1.8 0.01217 0.65 0.9688
P6 80 20 10 5 56.5+ 14 0.01652 0.68  0.9485
P7 70 30 10 5 589+19 0.01509 0.72  0.9509
P8 100 - 10 5 49.6 £ 1.5 0.00913 0.73  0.9465

EFE encapsulation efficiency, SD standard deviation

characterizing the release mechanism. Using the least squares procedure, we have
estimated the values of n and k for all the eight formulations, and these values are
given in Table 1. The log value of percent drug dissolved is plotted against log time
for each formulation according to Eq. 1. If n = 0.5, drug diffuses and releases out
of the polymer matrix following the Fickian diffusion. For n > 0.5, anomalous or
non-Fickian type drug diffusion occurs. If n = 1, a completely non-Fickian or case
II release kinetics is operative. The intermediary values ranging between 0.5 and 1.0
are attributed to the anomalous type of diffusive transport [48, 49].

In this study, the values of k and n have shown a dependence on the extent of
cross-linking, % drug loading, and NaCMC content of the matrix. Values of n for
microspheres prepared by varying the amount of NaCMC in the microspheres of
10, 20, and 30% by keeping 5-FU (10%) and GA (5 mL) constant, ranged from 0.5
to 0.73 (see Table 1) leading to the drug diffuses and erosion controlled release
from the polymer matrix following a non-Fickian type diffusion. This could be
possibly due to a reduction in the regions of low microviscosity and closure of
microcavities in the swollen state. Similar findings have been observed elsewhere
[50].

In vitro release study
Effect of drug concentration

Figure 6 shows the release profiles of 5-FU loaded PVA/NaCMC IPNMs at
different amount of drug loadings. Release data showed that P3 formulation
containing the highest amounts of drug (15%) displayed fast and higher release rates
than P1 formulation containing a small amount of drug (7.5%). A prolonged release
is observed for the formulation containing lower amount of 5-FU. In other words,
with a decreasing amount of drug in the matrix, it is noticed that the release rate
becomes quite slower due to the availability of more free void spaces through which
a lesser number of drug molecules could transport.
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Fig. 6 % cumulative release of 5-FU through microspheres containing 90:10 ratio of PVA/NaCMC with
different amount of 5-FU (P1) 7.5%, (P2) 10%, and (P3) 15%

Effect of cross-linking agent

The % cumulative release data versus time plots for varying amounts of GA, i.e.,
2.5, 5.0, and 7.5 mL at the fixed amount of the drug (10%) are displayed in Fig. 7
and it is observed that the % cumulative release is quite faster and larger at the lower
amount of GA (i.e., 2.5 mL), whereas the release is quite slower at higher amount of
GA (i.e., 7.5 mL). probably because at higher concentration of GA, polymeric
chains become rigid due to the contraction of microvoids, thus decreasing %

120
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% Cumulative release
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20 —&—P5

0 120 240 360 480 600 720
Time (min)

Fig. 7 % cumulative release of 5-FU through microspheres containing 90:10 ratio of PVA/NaCMC with
10% of drug with different amount of GA (P5) 2.5 mL, (P2) 5 mL, and (P4) 7.5 mL
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Fig. 8 % cumulative release of P2 formulation at pHs 1.2 and 7.4
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Fig. 9 % cumulative release of 5-FU through microspheres containing 15% of drug and 5 mL of GA
with variation of NaCMC (P2) 10%, (P6) 20%, (P7) 30%, and (P8) pure PVA

cumulative release of 5-FU through the IPNMs. As expected, the release becomes
slower at higher amount of GA, but becomes faster at lower amount of GA.

Effect of pH and NaCMC

As there are many carboxylic groups on NaCMC chains, it can be expected that the
complex will behave in a pH sensitive fashion. Figure 8 shows the % of cumulative
release rates at pHs 1.2 and 7.4. For the pH 1.2, the cumulative release was very
low. This is due to hydrogen bonds formed and the attraction between the PVA and
NaCMC chains. In phosphate buffer saline (pH 7.4), the cumulative release is high,
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this is due to some of carboxylic groups become ionic, and repelling effect
increases. So, the % of cumulative release is higher in higher amount of NaCMC
present in the matrix. The effect of NaCMC content in formulations P2, P6, P7, and
P8 on release rates are also presented in Fig. 9. In formulation P7, the % of
cumulative release is more than P6 and P2 due to more number of carboxyl groups
present in the P7 formulation, so repelling effect also increases between carboxyl
ions. This can also be attributed by the fact that as the NaCMC content in the
polymer matrix increases, swelling of the matrix also increases due to the extremely
hydrophilic nature of NaCMC. This can be further substantiated that P8 formulation
shows the least % of cumulative release as it contains 0% of NaCMC.

Conclusions

pH sensitive 5-FU loaded PVA/NaCMC IPNMs microspheres were prepared by
W/O emulsion method using span-80 as the surfactant. DSC analysis of the drug-
loaded microspheres confirmed the molecular level dispersion of drug in the
microspheres. Particle size measured using optical microscopy gave an average size
80-250 pum. SEM pictures have shown the formation of spherical microspheres with
smooth surface. The encapsulation efficiency was found to vary between 49 and
62% depending upon the blend composition, cross-linking and the amount of drug
loading. Drug release studies indicated controlled release of 5-FU for more than
10 h from IPNMs microspheres.
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