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ABSTRACT: Semi-interpenetrating network (IPN) of so-
dium alginate (NaAlg) and N-isopropylacrylamide (NIPA Am)
microspheres were prepared by water-in-oil (w/o) emulsi-
fication method. The microspheres were encapsulated
with 5-fluorouracil (5-FU) and release patterns carried in
74 pH at temperatures of 25 and 37°C. The semi-IPN
microspheres were characterized by Fourier transform
infrared spectroscopy (FTIR). Differential scanning calo-
rimetry (DSC) and scanning electron microscopic studies
were done on the drug-loaded microspheres to confirm
the polymorphism of 5-FU and surface morphology of
microspheres. These results indicated the molecular level
dispersion of 5-FU in the semi-IPN microspheres. Particle

size and size distribution were studied by laser light
diffraction technique. Microspheres exhibited release of
5-FU up to 12 h. The swelling studies were carried in 1.2
and 7.4 pH buffer media at 25 and 37°C. Drug release
from NaAlg-NIPAAm semi-IPN microspheres at 25
and 37°C confirmed the thermosensitive nature by in vitro
dissolution. The micro domains have released in a con-
trolled manner due the presence of NIPAAm in the
matrix. © 2007 Wiley Periodicals, Inc. ] Appl Polym Sci 107:
2820-2829, 2008
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INTRODUCTION

Polymeric microspheres are important in controlled
release (CR) applications, which have received a
greater attention in recent years as the effective
drug-delivery devices, in biomedical engineering.'”
Among the various polymers used, the natural poly-
mers are widely used in drug release systems due to
their biocompatibility, biodegradation, and nontoxic-
ity upon in vivo administration.* The widely used
natural polymers for the CR of drugs are chitosan,
sodium algmate (NaAlg), cellulose derivatives, and
guar gum.” Among these, NaAlg is an anionic lin-
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ear polysaccharide with 14-linked D-mannuronic
acid (M) and r-guluronic acid (G) residues either as
blocks of the same units or as a random sequence of
the two sugar residues.®” The polymer forms a
three-dimensional hydrogel network, due to the
preferential acetal linkages by chemical reaction with
glutaraldehyde in the presence of acid, resulting in
the formation of homogeneous hydrogels.” The char-
acteristic properties of these hydrogels, including
favorable mechanical strength and porosity are de-
pendent upon M:G ratio, type of crosslinker used
(chemical or ionic), concentration, and viscosity of
the initial alginate solution. NaAlg has carboxylic
acid groups that exert interactions through hydro-
gen bonds, ion-ion, and dipole-ion with other
polymers.®

Poly(N-isopropylacrylamide) (PNIPAAm) is one
the most widely studied temperature-responsive
polymers in CR application of short-lived drugs. The
PNIPAAm in aqueous solution exhibits a thermores-
ponsive phase transition at 32°C.>'° Utilizing this
property, PNIPAAm was widely used in solute sepa-
ration,'! concentrating dilute solutions, immobilizing
enzymes'?, and in regulating the drug release.” Below
this temperature, the polymer is hydrophilic and
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soluble, but above LCST it is hydrophobic and gets
collapsed. Hydrogels composed of PNIPAAm and its
copolymers exhibit discrete and reversible volume
change in response to infinitesimal changes in tem-
perature. Thus, it acts as a better candidate material
for use in drug delivery due to its effective CR char-
acteristics for many drugs under the influence of tem-
perature. It has been reported that incorporation of
hydrophilic/hydrophobic comonomers into PNI-
PAAm hydrogels will change its swelling characteris-
tics as well as other physicochemical properties,
including mechanical strength and solute diffusiv-
ity."> The phase transition temperature of PNI-
PAAmM matrix occurs at or near the physiological tem-
perature, ie., 37°C.2° PNIPAAm also exhibits exten-
sive swelling in an aqueous media in response to
small changes in temperature. However, PNIPAAm
chains are able to hydrate giving extended structures
in water when the temperature is below LCST, but
will form compact structures due to dehydration
when heated at temperatures above LCST. Since the
critical temperature of collapse for PNIPAAm is 32°C,
the polymer can be used as a drug delivery system
PNIPAAm has the sharpest swelling transition among
the class of thermosensitive alkylacrylamide poly-
mers, which is attributed to its delicate hydrophobic-
hydrophilic balance,>’ which changes abruptly across
a small temperature gradient due to its cooperative
stabilization.

5-Fluorouracil (5-FU) is an antimetabolic drug,
used extensively in cancer chemotherapy®” and is an
effective drug in inhibiting the progression of dis-
ease such as proliferative vitretinopathy. 5-FU is an
antineoplastic agent of extensive use in clinical
chemotherapy for the treatment of solid tumors.
Among the antineoplastics drugs, 5-FU is one of the
most widely used drugs in the treatment of breast
cancer,”** gastric cancer”, and pancreatic cancer.”®
As a consequence of its extensive use in the treat-
ment of a great variety of tumors, 5-FU has been
chosen in different CR formulations. The present
research is an effort to develop semi-interpenetrating
network (IPN) of NaAlg-NIPAAm microspheres
with improved temperature sensitivity over small
temperature cycles between 25 and 37°C. Micro-
spheres were prepared by water-in-oil emulsification
method using tween-80 as a surfactant by varying
the amount of glutaraldehyde (GA), 5-FU, and
NIPAAm. The prepared formulations were exam-
ined for the CR of 5-FU. To optimize the perform-
ance of stimuli-sensitive systems, a thorough under-
standing of the phase transitions is essential. There-
fore, in this study, parameters like % encapsulation
efficiency, drug loading, effect of crosslinking agent,
etc., have been studied in vitro in terms of drug
release characteristics of the microspheres devel-
oped.
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EXPERIMENTAL
Materials and methods

Sodium alginate (low viscosity), potassium persul-
fate, light paraffin oil, glutaraldehyde (25% aqueous
solution) were purchased from s.d. Fine Chemicals,
Mumbai, India. N-isopropyl acrylamide was pur-
chased from Aldrich, Milawaukee, WI. Tween-80
was purchased from Sigma Chemical, USA. 5-FU
was purchased from MP Biochemicals, Eschwege,
Germany.

Synthesis of NaAlg -NIPAAm semi-IPN
microspheres

NaAlg and NIPAAm microspheres were synthesized
in two steps. First, in situ polymerization of NIPAAm
using potassium persulfate (K,S,Og) as an initiator
and crosslinking of the mixture with glutaraldehyde
in w/o emulsion media as described before.*” In
brief, 2% aqueous solution of NaAlg was prepared by
dissolving NaAlg in water overnight under constant
stirring. Passing nitrogen gas for 30 min degassed the
solution. To this solution, different amounts of
NIPAAm were added and stirred thoroughly for 1 h.
The initiator solution containing 50 mg of K;5,05 was
added to the above mixture and stirred for 1 h at
40°C under a vacuum pressure of 10 Torr.

The final polymerization mixture was emulsified
into liquid paraffin to form water-in-oil (w/0) emul-
sion at 400 rpm speed using Eurostar (IKA Labor-
technik, Germany) high-speed stirrer for 30 min in a
separate 500-mL beaker containing 100-mL of light
liquid paraffin oil, 2% (w/v) of Tween-80, 1 mL of
0.1M HC], and a required amount of GA. The micro-
spheres formed were filtered, washed repeatedly
with hexane and water mixture to remove the oil as
well as excess amount of surfactant and the
unreacted GA. The microspheres were dried under
vacuum at 40°C and stored in a desiccator before
further analysis. Different formulations and their
composition are given Table L

Fourier transform infrared spectroscopy (FTIR)

FTIR spectral measurements were performed using
Nicolet spectrophotometer (Model Impact 410, USA)
to confirm the crosslinking of the NaAlg-NIPAAm
matrix. The IPN particles were finely ground with
KBr to prepare the pellets under a hydraulic pres-
sure of 392.2 dynes/m” and spectra were scanned
between 400 and 4000 cm ™.

Differential scanning calorimetry (DSC) studies

DSC curves of the placebo NaAlg-NIPAAm micro-
spheres, plain drug, and drug-loaded microspheres

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE I
Results of % Encapsulation Efficiency and Mean Particle Size of Different Formulations

Formulation Amount of Amount of Crosslinking % Encapsulation Mean particle size
code NIPAAmM (wt %) 5-FU (wt %) agent (GA in mL) efficiency (um) = SD
1 10 5 25 724 *+15 318 = 2.1
2 10 5 5 64.1 = 1.6 295 £ 5
3 10 5 7.5 58.0 = 2.1 281 =5
4 10 10 5 747 = 1.8 305 £5
5 10 15 5 771 =04 328 =5
6 20 5 5 79.7 =19 313 £ 7
7 30 5 5 842 = 1.8 363 6
8 - 5 5 535 *+ 24 174 = 4

were recorded using Rheometric Scientific differen-
tial scanning calorimeter (Model-DSC SP, UK). The
analysis was performed by heating the samples at
the rate of 10°C/min under inert atmosphere.

Particle size analysis

Particle size of the microspheres was measured by
particle size analyzer (Mastersizer 2000, Malvern
Instruments, UK). About 500 mg of the microspheres
were transferred to a dry sample holder and stirred
vigorously to avoid the agglomeration of particles
during measurements. For the measurement of sizes
of different formulations/batches, the sample holder
was cleaned by vacuum. The particle size was also
measured using an optical microscopy.

Scanning electron microscopic (SEM) studies

The SEM images of semi IPN microspheres were
recorded using a JSM 6400 scanning electron micro-
scope (SEM) (Japan) at the required magnification.
Working distance of 39 mm was maintained and the
acceleration voltage used was 50 kV with the sec-
ondary electron image as a detector.

Estimation of drug loading and
encapsulation efficiency

Specific amount of dry microspheres were vigo-
rously stirred in a beaker containing 10 mL 7.4 pH
phosphate buffer solution to extract the drug from
the microspheres of semi-IPN. The solution was then
filtered and assayed by a UV spectrophotometer
(model Anthelie, Secomam, Dumont, France) at the

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

fixed Amax value of 270 nm. The results of % 5FU
loading and encapsulation efficiency were calculated
using egs. (1) and (2). These results are compiled in
Tables I and 1I, respectively.

% Drug loading
Amount of drug in beads
Amount of beads

) X 100 (1)

% Encapsulation efficiency

B Actualloading
~ \Theoretical loading

) X 100 (2)

Swelling studies

Equilibrium swelling of the NaAlg-based semi IPNs
prepared using three different crosslink densities as
well as three different amounts of NIPAAm was
studied in 1.2 and 7.4 pH buffer by mass uptake
measurements with time. To perform equilibrium
swelling experiments, microspheres were soaked in
water, several of them were removed from the swel-
ling bottles at different time intervals and blotted
carefully (without pressing hard) to remove the sur-
face-adhered water. The microspheres were then
weighed (w;) on an electronic microbalance (Mettler,
AT 120, Switzerland) accurate to *0.00,001 g. The
microspheres were then dried to a constant weight
(w,) in an oven maintained at 60°C for 5 h. The swel-
ling experiments were repeated thrice for each sam-
ple and the average values were used in data analy-
sis. The standard deviations (S.D.) in all cases were
<5%. The weight % water uptake was calculated as:

% Water uptake = (

Dynamic swelling and deswelling of the micro-
spheres was measured by using a light microscope.
The changes in diameter were monitored precisely
with an ocular microscope under the plane-polarized

Journal of Applied Polymer Science DOI 10.1002/app
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) X 100 (3)

light at room temperature in gastric and intestinal
pH conditions. Liquid droplets were removed by
using blotting papers and again fresh media was
added.



TEMPERATURE SENSITIVE SEMI-IPN MICROSPHERES

In vitro release

In vitro release studies have been carried out by the
dissolution experiments by using Tablet dissolution
tester (Lablndia, Mumbai, India) equipped with
eight baskets. Dissolution rates were measured at 25
and 37°C under 100 rpm speed. Drug release from
the microspheres was studied in intestinal (7.4 pH
phosphate buffer) fluids. At regular intervals of
time, aliquot samples were withdrawn and analyzed
using the UV spectrophotometer (Model Anthelie,
Secomam, Dumont, France) at the fixed An.x value
of 270 nm.

RESULTS AND DISCUSSION
FTIR

Figure 1 displays the FTIR spectra of plain NaAlg
(curve a), uncrosslinked NaAlg-NIPAAm semi-IPN
(curve b), and crosslinked NaAlg-NIPAAm semi-
IPN microspheres (curve c). The spectra of plain
NaAlg shows a characteristic broad peak appearing
at 3456 cm ™', which corresponds to O—H stretching
vibrations of NaAlg. The absorption bands at 1620
and 1417 cm ™! are assigned to asymmetric and sym-
metric stretching peaks of carboxylate salt groups,
respectively. The bands appearing at 1320 (C—O),
1130 (C—C), 1090 (C—0), and 1020 (C—O—O0), 952
(C—O) em ™! are attributed to saccharide structure.”®
Uncrosslinked semi-IPN shows amide I band at 1634
cm ™' consisting of C=0 stretch of NIPAAm and
amide II band at 1542 cm ™' representing the N—H
bending vibrations. During the crosslinking of IPN
membrane, GA has reacted with —OH groups of
NaAlg through the formation of ether linkages.
Hence, the appearance of a peak at 1248 cm ™' in the
FTIR spectra of the crosslinked membrane confirms
the formation of ether linkage. The intensity of a
band due to polymeric O—H stretching vibrations in
the crosslinked semi-IPN membranes has decreased
due to the utilization of some of OH groups during

TABLE II
Release Kinetics Parameters of Different
Formulations [Eq. (4)]

Formulation Correlation
code k n coefficient, r
1 0.016 0.362 0.9675
2 0.026 0.354 0.9753
3 0.053 0.371 0.9767
4 0.027 0.342 0.9777
5 0.015 0.348 0.9605
6 0.052 0.359 0.9612
7 0.054 0.549 0.9767
8 0.014 0.379 0.9867
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Figure 1 FTIR spectra of (a) Plain NaAlg microspheres,
(b) uncrosslinked semi-IPN of NaAlg-NIPAAm micro-
spheres, and (c) crosslinked semi-IPN of NaAlg-NIPAAm
microspheres.

the crosslinking reaction. This was also supported by
the presence of a sharp high intensity peak at 1008
cm ™! due to —CH, group of alkyl chain as a result
of crosslinking. The acetal ring formation is a further
test of crosslinking of hydroxyl groups of the poly-
mer with aldehydic groups of GA, which is shown
by the peak at 1248 cm ™.

DSC

DSC tracings of the drug-loaded NaAlg-NIPAAm
microspheres, 5-FU, and plain NaAlg-NIPAAm
microspheres are displayed in Figure 2. The onset-
melting peak of 5-FU was observed at 285.16°C.
However, no characteristic peak of 5-FU was
observed in the DSC curves of the drug-loaded
microspheres, suggesting that drug is molecularly
dispersed in the polymer matrix.

SEM studies

SEM image of the few MPs are shown in Figure 3.
The microspheres (MPs) are spherical without form-
ing agglomeration and their surfaces are smooth.
However, the polymeric debris seen around some
particles are probably due to the typical method of
particle production used (i.e., simultaneous particle
production and formation of semi IPNs). However,
the MGs produced by NaAlg and NIPAAm did not
show any effect on the surface properties.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 DSC thermograms of (a) 5-FU loaded NaAlg-
NIPAAm, (b) pure 5-FU, microspheres, and (c) plain
NaAlg-NIPAAm microspheres.

Particle size

Particle size and size distributions have been ana-
lyzed by laser light diffraction technique (Master-
sizer-2000, Malvern, UK). Results of volume mean
diameter of the microspheres produced by taking
three different amounts of crosslinking agent are
included in Table I. These results suggest that as the

Figure 3 SEM photograph of the microspheres.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 Particle size distribution curve for NaAlg-
NIPAAmM microspheres. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]

extent of crosslinking increases, the volume mean di-
ameter decreased. On a population basis, particle
size distribution is unimodal. Microspheres used in
preparing the drug-loaded formulations were
selected from a uniform size distribution range. A
narrow size distribution of microspheres (see Fig. 4)
was observed with particles ranging in size from 174
to 363 pm.

Microscopic study

Particle size was also measured alternatively by opti-
cal microscopy. These results along with % encapsu-
lation efficiency, % drug-loading, and mean particle
size for different formulations is presented in Table
L. The size of particles depends on the amount of
drug present, % NIPAAm content, and extent of GA
employed. Particles are generally spherical in shape
with sizes ranging from 174 to 363 um. Particle size
of the plain NaAlg is smaller than those of NaAlg-
NIPAAm microspheres. By increasing the NIPAAm
content of the microspheres, size of the microspheres
also increased from 295 to 363 um for 5 wt % 5-FU-
loaded microspheres. This can be explained on the
basis of hydrodynamic viscosity concept, i.e., as the
amount of NIPAAm in the microspheres increases,
the interfacial viscosity of the polymer droplets in
the emulsion also increases, because NIPAAm has
more water-uptake capacity than NaAlg, which will
hinder the breaking of the dispersed phase into
smaller size particles during emulsification. As the
NaAlg content increases, the size of microspheres
decreased because of the availability of more free
sites for crosslinking. On the other hand, with
increasing amount of NIPAAm, the number of free
sites available for crosslinking is less so that size of
the microspheres will also increase with increasing
NIPAAm content of the microspheres; for instance,
as the amount of NIPAAm increases from 10 to 30%,
the particle size has increased from 295 to 363 pm.
For all the formulations, with increasing amount
of drug in the microspheres, particle size also
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increased. For formulations containing 10 wt %
NIPAAm and microspheres loaded with different
amounts of drug, particle size has increased from
295 to 328 um; a similar trend was also observed for
all other formulations (see Table I). This is attributed
to the fact that drug molecules might have occupied
the free volume spaces within the IPN matrix,
thereby hindering the inward shrinkage of the poly-
mer matrix.”’ The 5 wt % 5-FU-loaded and 30 wt %
NIPAAm-containing microspheres exhibited the
maximum particle size of 363 um. However, the
extent of crosslinking has shown an effect on the
particle size (see data in Table I). For microspheres
containing 10 wt % NIPAAm and 5 wt % 5-FU with
an increasing amount of GA from 2.5 to 7.5 mL, the
particle size decreased from 318 to 281 pum. This is
attributed to the fact that with increasing amount of
GA in the semi-IPN matrix, shrinkage of the par-
ticles occurred, thereby reducing their size. 2230

Encapsulation efficiency

Three different concentrations of 5-FU i.e., 5, 10, and
15 wt % were loaded during crosslinking of the
microspheres. Results of % encapsulation efficiency
included in Table I show the increasing trends with
increasing drug loading. Encapsulation efficiency of
53% was observed for plain NaAlg microspheres, but
for the remaining formulations, it ranged from 58 to
84%. Such smaller values are due to the lesser soluble
drug in the polymer solution, thus making a lesser
amount of 5-FU to be incorporated into the micro-
spheres. Notice that the % encapsulation efficiency
increased with increasing amount of NIPAAm of the
semi-IPN matrix. For microspheres containing 10, 20,
and 30 wt % NIPAAm and 5 wt % 5-FU, encapsula-
tion efficiencies were 64.1, 79.7, and 84.2%, respec-
tively. For 10 wt % NIPAAm in the semi-IPN matrix,
the results of extent of crosslinking on the size and
encapsulation efficiency increased the crosslinking,
but % encapsulation efficiency decreased(see Table I).
For microspheres crosslinked with 2.5, 5, and 7.5 mL
of GA, encapsulation efficiencies are 72.4, 64.1, and
58%, respectively. Such a decreasing trend is due to
the increase in crosslink density, because the micro-
spheres become rigid, thereby reducing the free vol-
ume spaces within the semi-IPN matrix, and hence, a
reduction in encapsulation efficiency.

Drug release kinetics

Drug release kinetics was analyzed by plotting the
cumulative release data versus time by fitting to the
empirical equation:>'

M\
(1) 1 .
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Here, M;/M.. represents the fractional drug release
at time ¢, k is a constant characteristic of the drug-
polymer system, and n is an empirical parameter
characterizing the release mechanism. Using the least
squares procedure, we have estimated the values of
n and k for all the nine formulations developed;
these values are given in Table II. If n = 0.5, drug
diffuses and releases out of the polymer matrix fol-
lowing a Fickian diffusion or Case I. For n >0.5,
anomalous or non-Fickian transport occurs. If n = 1,
non-Fickian or Case II release kinetics is prevalent.
The intermediary values of n ranging between 0.5
and 1 indicate the anomalous transport.’!

In the present research, the values of k and n
show a dependence on the extent of crosslinking, %
drug loading, and NIPAAm content of the semi-IPN
matrix. Values of n for microspheres prepared by
using the varying amounts of NIPAAm (10, 20, and
30 wt %) keeping 5-FU (5 wt %) and GA (5 mL) con-
stant have ranged from 0.354 to 0.549, producing a
slight deviation from the Fickian mode of transport.
The 5-FU loaded microspheres have the n values
ranging from 0.342 to 0.549 giving a shift from ero-
sion type release to swelling-sustained non-Fickian
transport. Correlation coefficients, r, obtained while
fitting the release data fall in the range 0.967-0.986,
but non-Fickian trends are due to a reduction in the
regions of low microviscosity and closure of micro-
cavities in the swollen state of the semi-IPN matrix.
Similar findings have been observed elsewhere®
wherein, the effect of different polymer ratios on the
dissolution kinetics was investigated. The n values
for formulations containing different amounts of
NaAlg, 5-FU, and GA are <0.5, which indicates the
non-Fickian diffusion transport, i.e., slight deviation
from the Fickian trend.

Effect of NIPAAm content

The effect of NIPAAm content was studied at a con-
stant loading of 5 wt % 5-FU. It was found that
NaAlg produced almost 100% cumulative drug
release in about 10 h, whereas NaAlg-NIPAAm
microspheres produced up to 90% cumulative release
in 12 h. Release of NaAlg-NIPAAm microspheres
prepared with different amounts of NIPAAm are dis-
played in Figure 5(A). This could be due to the fact
that during dissolution microspheres have systemati-
cally swollen with an increasing amount of NIPAAm
due to the formation of loosely crosslinked network
chains of NIPAAm. Thus, a relaxation-type response
of the polymeric chains might be possible due to
stresses induced by the surrounding solvent medium
during the dissolution, resulting in an increase of
chain dimension (radius of gyration) of the polymer;
this will increase the molecular volume of hydrated
polymer due to increased swelling of NIPAAm com-

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 % Cumulative release of 5-FU through NaAlg-
NIPAAmM microspheres containing different amounts of
NIPAAm: (A): (O) pure NaAlg, (H) 10%, (A) 20%, and (@)
30%, different amounts of 5-FU (B): (@) 15%, (M) 10%, and
(A) 5% and different amounts of GA (C): (@) 2.5 mL, (H)
5mL, and (A) 7.5 mL.

ponent of the semi-IPN, thereby reducing the void
volume of the matrix. Notice that the nature of
release profiles remains almost identical in all the for-
mulations containing different amounts of GA, indi-
cating that swelling of NIPAAm has established a
linear relationship with the release profiles.

Effect of drug loading

Figure 5(B) shows the release profiles of 5-FU loaded
microspheres of NaAlg-NIPAAm at different load-
ings of 5-FU. The formulations exhibited higher
encapsulation efficiency in the range 72-77 due to
higher solubility of 5-FU in the polymer solution,
since it is soluble in water. Release data showed that
formulations containing highest amount of 5-FU (15
wt %) displayed the highest (99%) release than those

Journal of Applied Polymer Science DOI 10.1002/app
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containing a small amount of 5-FU. On the other
hand, those formulations containing lower amount
of 5-FU have released only 90% of 5-FU. Thus, CR
was observed for formulation containing lower
amount of 5-FU, since its release from the micro-
spheres was sustained by the diffusion mechanism.*
With an increasing concentration of 5-FU in the
microspheres, volume swelling of the semi-IPN
matrix decreased due to the hydration effect, but
increased hydrophobicity lowered the drug diffusion
rate. Thus, release rates are slower at a lower
amount of 5-FU due to the availability of more free
void spaces through which a lesser number of drug
molecules will transport. For all the 5-FU loaded for-
mulations, the complete release of 5-FU was not
found even after 600 min, but a complete release
occurred at 720 min.

Effect of crosslinking 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 5-FU (5 wt %) are displayed in
Figure 5(C). The % cumulative release is quite higher
when small of GA (i.e., 2.5 mL) was used, whereas
the release was lower at higher amount of GA (ie.,
7.5 mL) in the semi-IPN matrix. Therefore, the cu-
mulative release is smaller at a lower amount of GA,
because at higher concentration of GA, polymeric
chains will be more rigid due to the contraction of
microvoids as reported before.”” This will decrease
the swelling as well as % cumulative release of 5-FU
through the microspheres. As expected, the drug
release becomes slower at higher amount of GA, but
it will be faster at lower amount of GA.

Effect of temperature

Release profiles of 5-FU from semi-IPN NaAlg-
NIPAAm microspheres prepared with different
amounts of NIPAAm have been studied at two tem-
peratures in the chosen dissolution medium, alterna-
tively from 25 to 37 °C and vice versa. Drug release
profiles exhibited drastic changes by variations in
temperature from 25 to 37°C. It may be noted that
drug was released slowly at 37°C, i.e., above the
LCST, but the release was much faster at 25°C, i.e.,
below the LCST than at 37°C. This is due to the fact
that at higher temperature, the surface of micro-
spheres will shrink, causing the drug to migrate to-
ward the surface of microspheres as seen by the ini-
tial burst effect during the dissolution experiments
(Fig. 6). However, dense surfaces of the micro-
spheres will prohibit the release of more amount of
5-FU. At lower temperatures, the already shrunken
surface layer starts to reswell, which will allow the
drug to be released after certain of time, depending
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Figure 6 % Cumulative release of 5-FU at 25°C (A) and
37°C (B) through NaAlg-NIPAAm microspheres containing
different amounts of NIPAAm (A): (H) 10%, (A) 20%, and
(@) 30%.

upon the minimum time required for reswelling of
the surface. Thus, the time required for drug release
was accelerated as a result of cooling below LCST,
which has further slowed down upon reheating.
Microspheres are thus found to be sensitive to
changes in temperature. At 25°C (in the swollen
state), both release rate and total amount of drug
release were considerably higher than those found at
37°C (in a collapsed state). Drug molecules
entrapped inside the polymer network will diffuse
out of the microspheres, since they quickly get
hydrated in the swollen state. In contrast, at 37°C,
the network structure is collapsed and exhibits a
lesser tendency to uptake water or buffer solution,
thereby leading to a decrease in drug diffusion rate.

Swelling studies

To understand the drug release characteristics, it is
important to investigate the swelling of micro-
spheres. The nature and extent of interaction
between the solvent molecules and the polymer
chains are influenced by the polymer structure since
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TABLE III
Equilibrium Swelling of Semi IPN Microspheres
Temperature
pH at 37°C (°C) at pH7 4
Formulation code 12 7.4 25 37
1 83 147 174 147
2 71 137 150 137
3 60 123 132 123
6 59 129 152 129
7 48 122 146 122
8 119 231 227 231

the porosity of the microspheres and the nature of
hydrophilic groups of the polymer play a major role.

The results of % equilibrium swelling of GA-cross-
linked semi IPNs, measured in 1.2 and 7.4 pH media
at 37°C and also in pH 7.4 at 25°C, for different
NaAlg-based microspheres are reported in Table III
For the plain NaAlg microspheres, in 7.4 pH phos-
phate buffer, the equilibrium swelling of micro-
spheres was higher than found in 1.2 pH media. The
swelling increased from 122 to 231% in 7.4 pH
media, while in 1.2 pH media, it increased from 48
to 119%. This behavior may be due to pKa of algi-
nate, which was about 3.2 and 4 for guluronic and
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Figure 7 Swelling studies of microspheres at 1.2 (A) and
7.4 (B) pH media at room temperature. Microspheres con-
taining different amounts of NIPAAm (A): (A) 10%, (H)
20%, (#) 30%, and (@) pure NaAlg.
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Figure 8 Deswelling studies microspheres at room tem-
perature. Symbols are same as mentioned in Figure 7.

mannuronic acids, respectively.** At a low pH
region, most carboxylic acid groups in alginate were
in the form of COOH. As the pH of the solution
increased, COOH groups became ionized, and the
resulting electrostatic repulsion caused the hydrogels
to swell. The swelling of alginate microspheres
showed drastic change with the pH, whereas that of
the semi IPNs was sustained or a little decreased.
For the plain NaAlg microspheres, in pH 7.4 phos-
phate buffer at 25°C, the equilibrium swelling of
microspheres was higher than found at 37°C media.
In all cases, swelling decreased with increasing tem-
perature gradually from 25 to 37°C. But in case of
semi IPN microspheres, an increase in temperature
would increase hydrophobicity of IPN microspheres
due to dehydration of PNIPAAmM moiety. The swel-
ling decreased from 231% to122% at 37°C, when it
was 25°C, it decreased from 227% to 146%. How-
ever, with increasing temperature, % decreased con-
siderably, suggesting the matrix shrinkage due to
the thermo responsive nature of PNIPAAm.*
Dynamic swelling data were obtained by monitor-
ing the changes in diameter, D;of the spherical
microspheres with a lapse of time by using an opti-
cal microscope. Figure 7 display the normalized dia-
meter, D;/Dy as a function of time for the placebo
microspheres of the (i.e., without 5-FU) different wt
% NIPAAmM in the matrix (i.e., formulations: 1, 2,
and 3). The alginate hydrogel reached an equilib-
rium swelling state within 2 h, whereas the semi
IPNs showed slow swelling kinetics. In the semi-IPN
hydrogels, the swelling ratio decreased with the
NIPAAm content in the microspheres. Figure 8
shows the deswelling kinetics of hydrogels at room
temperature. The PNIPAAm gel was quickly shrunk
during the deswelling process, whereas the swelling
ratio of alginate did not change according to the
temperature. In all the sample compositions, the

Journal of Applied Polymer Science DOI 10.1002/app
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deswelling rate of semi-IPN hydrogels was slower
than that of prestaine NaAlg.

CONCLUSIONS

Novel type of thermoresponsive 5-FU loaded NaAlg-
NIPPAm semi-IPN microspheres were prepared by
water-in-oil method using tween-80 as a surfactant.
The microspheres prepared were characterized by
DSC, which indicated a molecular distribution of 5-
FU in the polymer matrix. The microspheres have
exhibited a prolonged release of 5-FU over an
extended period of time. The prepared microspheres
have shown the thermoresponsive trends during
in vitro drug release of 5-FU when dissolution ex-
periments were performed at 25 and 37°C. The ther-
moresponsive nature of the semi IPN microspheres
was supported by the swelling studies.
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