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ABSTRACT: An inverse suspension polymerization
method for the preparation of thermoresponsive hydrogel
microspheres based on N-isopropylacrylamide was de-
scribed in this article. The polymerization reaction was car-
ried out at 200 rpm stirring rate and the microspheres ob-
tained were in the size range of 71-500 um in the swollen
states. The particles were sieved by using ASTM sieves. The
selected fraction (180-250 um) of poly(N-isopropylacrylam-
ide) (PNIPAAm) microspheres was used for radiation-in-
duced modification with itaconic acid (IA) to obtain
PNIPAAm/poly(itaconic acid) graft copolymer. Viagra and
lidocaine were used as model drugs for the investigation of

controlled-release behavior of the microspheres. Incorpora-
tion of IA graft chains onto microspheres enhanced signifi-
cantly the uptake of both drugs and further controlled re-
lease at specific pH values. The release studies showed that
some of the basic parameters affecting the drug-loading and
-release behavior of the microspheres were pH, temperature,
particle size, and chemical nature of drug. © 2005 Wiley
Periodicals, Inc. ] Appl Polym Sci 97: 1115-1124, 2005

Key words: microspheres; N-isopropylacrylamide; itaconic
acid; drug release

INTRODUCTION

Polymeric hydrogels have found extensive applica-
tions, ranging from on-off switching materials, drug
delivery systems, immobilization technologies, mass
separations, and cell culturing.'~® Available in various
physical forms, such as powders, discs, or micro-
spheres, these hydrogels are generally glassy in the
dehydrated state, but swell to become elastic gel upon
water penetration. In drug-delivery applications, the
entrapped drug diffuses through the swollen network
into the surrounding aqueous medium. Various pa-
rameters including particle size, size distribution,
mesh size, swellability, chemical structure, and reac-
tive sites are considered to describe the overall perfor-
mance of microspheres in drug-release applications.
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Poly(N-isopropylacrylamide) (PNIPAAm) and its
copolymers were studied in the development of
temperature-modulated drug delivery systems.”'
PNIPAAm is soluble in cold water, but is not soluble
in hot water, and it exhibits a lower critical solution
temperature behavior (LCST) at around 32-34°C.M
Hydrogels composed of PNIPAAm and its copoly-
mers exhibit discrete and reversible volume change in
response to infinitesimal changes in temperature.'”
The LCST of PNIPAAm can be modified by copoly-
merization with certain comonomers. Hydrophilic
comonomers increase the critical temperature so it
becomes closer to the human body temperature.'?

In more recent years, a series of articles was pub-
lished by Giiven and coworkers who synthesized new
hydrogels from the copolymers of acrylamide and
diprotic itaconic and maleic acid and showed that the
use of even very small quantities of diprotic acid
proved to impart remarkable properties to the hydro-
gels of starting monomers and/or homopoly-
mers.'*'® The incorporation of acidic moieties into
base polymeric structures for the synthesis of micro-
spheres and hydrogels was mostly carried out by us-
ing acrylic acid. The use of diprotic acids, however,
has been shown to impart additional advantages over
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monoprotic acids such as acrylic and methacrylic ac-
ids.’ Double ionization of itaconic acid (IA) at differ-
ent pH values provides stepwise release behavior of
specifically adsorbed drugs or other adsorbates by
control of pH of the medium. Doubly-ionized carbox-
ylic groups bring additional capability of chelate for-
mation under certain cases. It was therefore decided to
introduce IA groups as dangling chains onto the mi-
crospheres made of PNIPAAmM.

Recently, we studied radiation-induced synthesis of
P(NIPAAm/IA) copolymeric hydrogels. These hydro-
gels were used in experiments on swelling and diffu-
sion of the model drugs methylene blue, lidocaine,
and sildenafil citrate (Viagra).'®

In the present study, we report a novel method for
the preparation of thermoresponsive PNIPAAmM mi-
crospheres through a modification of the molecular
structure consisting of hydrophilic graft chains. We
report for the first time the introduction of hydrophilic
poly(itaconic acid) (PIA) graft chains into PNIPAAm
microspheres by radiation-induced copolymerization
technique. The effect of PIA grafts on high drug load-
ing and the rate of drug release are compared with the
behavior of pure NIPAAm microsphere.

EXPERIMENTAL
Materials

The monomer N-isopropylacrylamide (NIPAAm, Al-
drich, Milwaukee, WI), the crosslinker N,N’'-methyl-
enebisacrylamide (MBA, Fluka, Switzerland), the
initiator ammonium persulfate (APS, Aldrich), and
the accelerator N,N,N',N'-tetraethylmethylenediamine
(TEMED, Aldrich) were used as received. IA was pur-
chased from Fluka Chemical Co. Viagra and lidocaine
were provided from Istanbul and Marmara Univer-
sity, Faculty of Pharmacology, respectively, as gifts.

Preparation of microspheres

PNIPAAm microspheres were prepared by inverse
suspension polymerization technique. Polymerization
of NIPAAm was conducted in a 500-mL round-bot-
tom, four-neck flask, fitted with a mechanical stirrer, a
nitrogen inlet, and a pipette outlet. PNIPAAm micro-
spheres were prepared without using an external
emulsifier. Paraffin oil was used as the continuous
phase, as reported by Park and Hoffman."” The syn-
thesis has been described in detail elsewhere.* Briefly,
200 ml paraffin oil was first introduced into the reactor
and stirred at 200 rpm under nitrogen atmosphere;
4.0 g of the monomer mixture (NIPAAm and MBA)
and the initiator APS (40 mg) were dissolved in dis-
tilled water (20 ml), and then N, was bubbled through
the solution for 10 min. This solution was transferred
into the reactor, and after 1 min, TEMED (=0.12 ml)
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was added to the mixture to initiate the polymeriza-
tion. The reaction was allowed to proceed for 3 h at
22°C. After polymerization, the microspheres were
separated from the oil phase and washed several times
with acetone and water. The diameter of the micro-
spheres in the swollen state ranged from 71 to 500 um.
The particles were sieved by using ASTM sieves, sep-
arated, left to dry at room temperature and then fur-
ther dried at 40°C in a vacuum oven overnight. Se-
lected fractions were used for further experiments.

Preparation of PNIPAAm microspheres having PIA
graft chains

The selected fraction of PNIPAAm microspheres be-
tween 180 and 250um size ranges was used for pre-
paring PNIPAAm/PIA graft copolymer by radiation-
induced modification technique. One gram of dry
PNIPAAm microspheres was put into a 10% w/w
aqueous solution of IA and rested at 4°C for 24 h to
reach equilibrium swelling.*> Then, the swollen
PNIPAAmM microspheres were transferred to small
glass tubes for irradiating with a ®*Co-gamma source
at 25°C under air at different irradiation doses (5, 24,
and 48 kGy). After irradiation, the PNIPAAm micro-
spheres having PIA graft chains were immersed into a
large excess of water to wash out any unreacted IA.
Finally, they were dried in vacuum to constant weight.
To obtain IA incorporation quantitatively into the
PNIPAAM network, the IA content of the PNIPAAmM/
PIA copolymeric microspheres was determined by ti-
tration of extract against NaOH (0.1N) to phenol-
phthalein end point.*

Characterization
Polymer characterization

The IR spectra of the microspheres were recorded on a
Jasko 5300 Model FTIR spectrophotometer. Samples
were ground with a mortar and pestle and mixed with
KBr at a ratio of 1 : 100. The mixture was then pressed
into a pellet and spectra were analyzed from 400 to
4000 cm ™.

IR (KBr,cm™ ') (A)3435NHstr.,
1640C==0str.(amide I),
1564NHbend.(amide II)

(B)1720C=0Ostr.,
1629C=0str. (amide I),1550NHbend. (amide II)
Optical micrograph of the PNIPAAm microspheres

was obtained by using a Reichert Universal MeF2-type
microscope.



POLY(ITACONIC ACID) GRAFT CHAINS

- €0 H
Cafls0 o ~xeir, HOOC -+ il

c.H. . ‘ ‘ T L0 H
3 7 i

N I\W\ /,\\/

i ‘ 1 3

N A 2N

i 0 0
CHy

Sildenafil Citrate (Viagra)

/VC rls

|

~

S NHCOCH,N(CH,),,
Ch,

Lidocaine

Figure 1 The chemical formula of the drugs.

Scanning electron micrographs were taken on a
Philips XL30 ESEM FEG environmental scanning elec-
tron microscope, making it possible to examine mate-
rials in their natural, uncoated state at low vacuum
around 0.2-1.5 Pa and at 10 kV. During in situ testing
of uncoated powders, it is an obvious advantage that
charging will not occur. The powder morphologies
were imaged and generated in their natural surface
characteristics by using a special technique (gaseous
low vacuum mode) allowing charge-free, gaseous sec-
ondary spraying with air. The release profiles of drug-
loaded microspheres were determined by using a Shi-
madzu Model UV-160A spectrophotometer.

Drug-loading and -releasing experiments

In this work, Viagra (sildenafil citrate) (VG) (MW
= 667 g/mol) and lidocaine (LD) (MW = 234 g/mol)
were used as model drugs in release experiments (Fig.
1). The dry microspheres were equilibrated in 500
ppm (mg/L) of VG and 5000 ppm (mg/L) of LD
solutions, prepared in phosphate buffer, at pH 7.4 at
4°C for 1 week, respectively. After incubation, the
microspheres were removed from the solution and
rinsed in cold buffer. The VG and LD release experi-
ments were carried out by transferring previously in-
cubated drug-loaded microspheres into a vessel con-
taining 50 mL phosphate buffer at pH 7.4 at 37°C at a
constant shaking rate. At various times, 3-mL aliquots
were drawn from medium to follow VG and LD re-
lease and placed again into the same vessel so that the
liquid volume was kept constant. VG and LD release
were determined spectrophotometrically at 291 and
262 nm, respectively. The controlled release of non-
specifically adsorbed drug was followed at pH 7.4.
The amount of percentage release of drug at pH 7.4
was calculated from the equation:
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Release % of nonspecific adsorbed drug =

(w;/ Wiorar) X 100 (1)

where w, is the weight of released drug at time t and
Wioral 15 the total weight of specific and nonspecific
adsorbed drug in the gel structure. Buffers at pH 5.5,
pH 4.0, and pH 2.0 were used for the controlled re-
lease of specifically bonded drug from the gels. The
interactions between cationic groups of drugs and
carboxyl groups of IA led to specific drug adsorption.
The percentage release of specific adsorbed drug was
calculated from the equation:

Release % of specific adsorbed drug

= (w,/wg) X 100 (2)

where w, is the weight of released drug at time t and
wgy, is the total weight of specific adsorbed drug in the
gel system. After release at pH 2, the gels were im-
mersed in 0.1 mol/L HCI for 2 days to remove any
remaining drug in the gel structure. The amounts
pertaining to the uptake and release of both drugs at
various conditions are collected in Table II.

RESULTS AND DISCUSSION

PNIPAAm microspheres prepared by inverse suspen-
sion polymerization were used for drug adsorption
and release experiments. Rigid, transparent, and
spherical beads were obtained without using an exter-
nal emulsifier and, therefore, they are free from impu-
rities affecting the drug delivery process.

Figure 2 shows a typical size distribution of
PNIPAAm microspheres in the swollen state. The bar
graph indicates that about 64% of the microspheres
were in the range of 180-250 um. A representative
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Figure 2 Size distribution of PNIPAAm microspheres in
the swollen state.
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Figure 3 A representative

optical
PNIPAAmM microspheres in the swollen state. Magnification,
x80.

micrograph  of

optical micrograph of the microspheres is shown in
Figure 3.

The PNIPAAm/PIA graft copolymeric micro-
spheres were obtained successfully by using the radi-
ation-induced synthesis. The mol % of IA in the co-
polymeric microspheres are calculated and summa-
rized in Table I. As the irradiation dose increases, IA
content in the copolymeric gels increases.

FTIR spectroscopy was also used to investigate the
grafting of PIA into the PNIPAAm network. Figure 4
shows FTIR spectra of pure PNIPAAm microspheres
and PNIPAAm/PIA graft copolymeric microspheres
(after extraction) [(PNIPAAmM/PIA)-1]. As can be seen
in Figure 4(a), pure PNIPAAm microspheres showed
a characteristic amide I band at 1640 cm ! (C=O
stretching) and amide II band at 1564 cm ™' (N—H
bending). Also, only one N—H stretching band that
is characteristic for secondary amides at 3435 cm ™'
can be seen in the FTIR spectrum of PNIPAAm
microspheres. In the FTIR spectrum of the graft
copolymer with 9.8% IA content [(PNIPAAm
/PIA)-3] [Fig. 4(b)], carbonyl (C=O) stretching
band of acid at 1720 cm ™' appeared. This indicates
that the modification of PNIPAAm microspheres
was performed successfully.

The environmental scanning electron microscopy
(ESEM) images were analyzed comparatively to quan-
tify the particle size and morphology as a function of
diameter; images were digitized directly by the image
program. The differences between figures were exam-
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ined for the investigation of drug adsorption behav-
iors affecting the outlook of PNIPAAm microspheres
(180250 pm).

Figure 5(a) shows the ESEM of pure PNIPAAm
microspheres in dry form. It is evident that dried
PNIPAAm microspheres exhibited spherical shape
and smooth topography. These microspheres had a
mean particle diameter of 45 um in dry form. Figure
5(b)s shows the ESEM of the PNIPAAmM microspheres
after the LD loading. The morphology of LD incor-
porated spheres was not much different from the
blank PNIPAAm microspheres. Figure 5(c) illus-
trates the more detailed surface morphology of the
PNIPAAmM microspheres after the LD loading. As
shown in Figure 5(a—c), there is no noticeable differ-
ence among them.

However, these studies concluded that the mor-
phological examination was insufficient for the ac-
curate loading analysis. We will discuss in more
detail some aspects of pore ratios in respect to dif-
ferent imaging conditions and specimen prepara-
tion.

Controlled release behaviors of microspheres

Figure 6(a, b) shows the effect of particle size on total
drug uptake into pure PNIPAAm microspheres in
buffer at pH 7.4 and 4°C. Experiments were per-
formed by using two different kinds of drugs. VG is a
weak acid and slightly soluble in water and buffer at
pH 7.4. LD is a water-soluble and slightly basic struc-
ture. It was observed that the amount of total drug
taken increased with the decrease in microsphere size.
The reason for this variation in drug uptake was at-
tributed to the increase of the surface area.

In Table II total drug uptake and equilibrium release
amounts for microspheres can be seen. One can see
from Table II that the drug-loading capacity of
PNIPAAm/PIA gel is higher than PNIPAAm gel. This
indicates that incorporation of IA graft chains onto
microspheres significantly enhanced the uptake of LD.
In the case of pure PNIPAAm microspheres, the drug
loading increases as the molecular size of the drug
decreases. If the molecular weight of the drug is suf-
ficiently high, it does not penetrate inside the pores.

TABLE 1
The Effect of Irradiation Dose on the Mol % of IA in the
Copolymeric Microspheres

Irradiation
dose Mole % IA
Gel name (kGy) in the gel
PNIPAAmM/PIA-1 5 6.0
PNIPAAmM/PIA-2 24 8.7
PNIPAAmM/PIA-3 48 9.8
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Figure 4 FTIR spectrum of the pure PNIPAAm microspheres (180-250 um) (a), and surface-modified PNIPAAm/PIA graft

copolymer, after extraction (b).

Thus, it can be concluded that molecular weight of the
drug is one of the determining parameters that affects
the drug uptake in addition to specific interactions,
drug concentration, degree of gel swelling, and gel
mesh size.

Drug-loading efficiency increases for the drugs
because of some specific interactions of carboxyl
groups of IA with the drugs. Different binding fea-
tures are responsible for the drug-loading contents.
LD has specific interaction with PNIPAAm/PIA
gels through electrostatic interactions. How does
the adsorption of VG take place? When PNIPAAmM/
PIA microspheres were exposed to a VG solution,
citrate ions are replaced by PIA ionic groups and
thus sildenafil interacts with the microspheres
through electrostatic interactions. Also, the adsorp-
tion of VG is assumed to take place mostly by
ion-dipole-type interactions.

The interactions between cationic groups of the
drug and carboxyl groups of IA lead to specific drug
adsorption. On the other hand, nonspecific drug

adsorption is due to physical inclusion, pore filling
action of drugs into completely ionized gel at pH
7.4, or any pH above 5.44 that corresponds to a
second pKa of IA. Pore intermolecular forces other
than the electrostatic attraction leads to nonspecific
drug adsorption. To determine the amount of non-
specific adsorbed drug, microspheres are placed in
pH 7.4 phosphate-buffered solution. The release
profiles of each drug from PNIPAAm/PIA micro-
spheres in phosphate-buffered solution of pH 7.4 at
37°C were shown in Figure 7(a, b), respectively. The
release percentage for nonspecific adsorbed drug
was higher for pure PNIPAAm microspheres than
those for PNIPAAm/PIA microspheres. Although
98% of VG and 93% of LD were released from
PNIPAAmM microspheres, this value decreased to
38% of VG and 54% of LD for PNIPAAm/PIA-3.
This indicates that specific binding of both drugs is
totally due to the presence of IA graft chains. Sig-
nificant burst effects were not found and release
occurred during short periods.



LA

R ]

Samp.no 3. detail

(c)

Figure 5 (a) Environmentally scanning electron micrograph (ESEM) of pure PNIPAAm microspheres. (b) ESEM of the PNIPAAm
microspheres after lidocaine loading. (c) The detailed surface morphology of the PNIPAAm microspheres after the LD loading.
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Figure 6 (a) The effect of particle size on the equilibrium VG release from PNIPAAm microspheres in buffers at pH 7.4 and
37°C. (b) The effect of particle size on the equilibrium LD release from PNIPAAm microspheres in buffers at pH 7.4 and 37°C.

The incomplete release of the drugs from PNIPAAm/
PIA microspheres at pH 7.4 was due to specific bind-
ing of these drugs to dissociated groups of IA units of
the polymer. The difference between the total and
nonspecific drug uptake is therefore taken to be equal
to the amount of specific adsorbed drug in the micro-
sphere. The controlled release of specific adsorbed
drug from PNIPAAm/PIA microspheres was investi-
gated primarily at pH 5.5 because the second dissoci-
ation constant (pK,,) of 1A is around 5.44.*' The drug
release was followed until equilibrium and then the
microspheres were transferred into drug-free buffer at
pH 4 (pK,; = 3.85). In the release of specific adsorbed
drug from the microspheres, one of the anionic car-
boxylate groups was protonated at pH 5.5. Then, the
first protonation was completed by keeping the
spheres at pH 4. Finally, the microspheres were placed
into pH 2 buffer for the complete protonation of acid
groups since the second pKa is 3.85 for IA. The per-
centage specific release of the drug with time is given
in Figure 8. The total release percentage was found as
97% VG and 82% LD for PNIPAAm/PIA-3 after com-
pletion of the release experiments in all buffer solu-
tions. These results illustrate that VG and LD are not
completely released and some portions are entrapped
within the gel. Because the drugs were initially loaded

at a temperature well below the LCST of base material
PNIPAAm, in fully swollen state, and release studies
were performed at 37°C where the PNIPAAm chains
were in collapsed state, some portion of the drugs
might well have been entrapped in the shrunken part
of the spheres.

One of the most attractive features of PNIPAAm-
based hydrogels as drug carriers is their intelligent
property to external temperature changes. It is im-
portant and practical to examine the drug-release
data from those PNIPAAm/PIA microspheres at a
temperature >LCST, such as body temperature
(37°C). Figure 9 shows the drug-release behavior of
each drug from the PNIPAAm /PIA microspheres in
buffer at pH 7.4 at two different temperatures (20
and 37°C). Release percentages of each nonspecific
adsorbed drug at 37°C were lower than those at
20°C because of the collapsed nature of PNIPAAm
structure at a temperature greater than its LCST
(34°C).*

CONCLUSION

In this study, PNIPAAm microspheres were pre-
pared by inverse suspension polymerization

TABLE 1I
The Total Drug Uptake and Equilibrium Release Results

TOtal UPtake mnonspeciﬁc released m e m / dr el
Drug (mg/g dry gel) (mg/g dry gel) specific released ( &/8 Yy & ) Mpoprelensed
Gel name name pH74 pH 7.4 pH 55 pH 4.0 pH 2.0 (mg/g dry gel)
PNIPAAmM VG 11.6 114 — 0.2
PNIPAAm/PIA-3 VG 38.2 7.2 11.7 12.7 5.6 1.0
PNIPAAmM LD 122.2 114 — 8
PNIPAAmM/PIA-3 LD 201.8 119.7 42.8 2.8 1.8 34.7
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Figure 7 (a) Release percentage of nonspecific adsorbed VG from PNIPAAm/PIA-3 microspheres in phosphate-buffered

solution of pH 7.4 at 37°C. (b) Release percentage of nonspecific adsorbed LD from PNIPAAm/PIA-3 microspheres in
phosphate-buffered solution of pH 7.4 at 37°C.
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from PNIPAAm/PIA-3 microspheres at 37°C.

method. Radiation-induced polymerization tech-
nique was performed to prepare PNIPAAm/PIA
graft copolymeric microspheres. Drug-release be-
haviors of the microspheres were investigated by
using VG and LD as model drugs. It was found that
the specific and nonspecific adsorption capacity of

1123

microspheres both increase with incorporating IA
into the PNIPAAm gel structure. This can be ex-
plained by the additional interactions caused by
ionic sites and consequent higher swelling capacity
of the gels. The release studies show that some of
the basic parameters affecting the drug-release be-
havior of PNIPAAm/PIA microspheres is pH and
temperature of the solution. The other important
factors are the water solubility and the molecular
size of drugs, and specific interactions of the drug
with polymers. To conclude, the microspheres pre-
pared in this study can be considered as potential
carriers for the drug-delivery systems and may be
used especially as local therapeutic application of
cationic drugs under controlled pH and tempera-
ture conditions.
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