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Abstract

The method of the synthesis of poly(N-isopropylacrylamide-co-2-hydroxypropyl metha-
crylate) hydrogels obtained by radical polymerization is described. Their characterization
was carried out by the determination of the quantity of residual monomers and by inves-
tigating their structure using FTIR. Three glass transitions were detected by DSC method.
The porous surfaces of hydrogels with incorporated ibuprofen were shown in SEM mic-
rographs. The swelling ratio of hydrogels decreased with the temperature increase and the
swelling transport mechanism changed from non-Fickian to Fickian. lbuprofen was incor-
porated in the hydrogel as a drug carrier and the released quantity depending on the tem-
perature was monitored by HPLC. The hydrogel with the lower cross-linker content had the
highest swelling degree (a = 34.72) at 10 °C and released the largest amount of ibuprofen
(64.21 mg/gyeroger) at 40 °C.
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Hydrogels are polymer materials that have the
ability to swell in water and to absorb great quantities
of water or other physiological fluids within their struc-
tures, whereby their structure remains unchanged. Due
to large water content, soft and elastic consistency,
hydrogels, more than any other class of synthesized
biomaterials, resemble living tissue [1]. They have the
ability to respond to different environmental changes
and show a dramatic change in properties such as the
change of swelling degree; because of this they are
named ”"smart” or “intelligent” gels.

In the last twenty years, hydrogels, and especially
poly(N-isopropylacrylamide), pNIPAM, have drawn
great attention of researchers with respect to their
application in medicine and pharmaceuticals [2]. Poly-
(N-isopropylacrylamide) is a biocompatible and non-
biodegradable temperature-responsive hydrogel which
has both hydrophilic and hydrophobic groups. The
ability of hydrogels to absorb and release molecules of
different size has enabled their use as carriers in the
systems for the controlled release of drugs [3]. N-Iso-
propylacrylamide (NIPAM) was first synthesized by
Coover and Shearer in 1953 [4]. The effects of external
stimuli on some polymers were investigated in the
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1960’s by Heskins and Guillet [5]. They found that
under standard conditions, the lower critical solution
temperature (LCST) at which pNIPAM passed through
the phase transition was 32 °C. At temperatures below
LCST, it exhibits a hydrophilic nature because the inter-
action of polymer chains with water molecules is domi-
nant and hydration of hydrophobic groups of the poly-
mer chain occurs, hydrogen bonds are formed and the
gel swells. The conformation changes are primarily the
result of releasing water molecules from the polymer
structure [6].

To achieve the required temperature and pH sen-
sitivity of a hydrogel during the synthesis, it is common
to copolymerize the thermo-sensitive component, most
often NIPAM, with a certain quantity of anionic mono-
mer—acrylic, methacrylic, maleic, or itaconic acid [7-11].
By adjusting the composition of copolymer it is possible
to bring the LCST value closer to physiological tempe-
rature (36—38 °C), which is especially important for the
controlled release of drugs [12—-13]. There are many
published works which report the use of thermal anal-
ysis, study the phase transition of pNIPAM gels and
measure LCST by using differential scanning calorimetry
(DSC) [14-17]. The glass transition temperature (Tg) of
pNIPAM and copolymers of poly(N-isopropylacryl-
amide)-co-acrylamide was determined by using DSC
[18]. At higher temperatures, the structure of the gel
wrapper is controlled by introducing hydrophilic acryl-
amide as the functional temperature-sensitive intelli-

901



S.S. ILIC-STOJANOVIC et al.: MODIFIED RELEASE OF IBUPROFEN

Hem. ind. 67 (6) 901-912 (2013)

gent system with the controlled drug release rate [19—
—21]. NIPAM gel is used for the design of the positive
thermosensitive pulsing drug release system so that the
drug release is triggered by the temperature increase
and stopped by the temperature decrease [22-25].

Hydrophilic 2-hydroxypropyl methacrylate (HPMet)
is a convenient biocompatible material with living tis-
sues and satisfactory tolerance by cells [26]. It can
copolymerize with other monomers to produce copoly-
mers with a hydroxyl group at the chain end. It has the
ability to preserve living tissues and antigens against
various enzymes and reagents, and presents an excel-
lent choice for various immunocytochemical procedu-
res [27]. The controlled polymerization of two indus-
trially relevant hydroxy-functional monomers, glycerol
monomethacrylate and HPMet was investigated [28].
The isolation of lignin from the water mixture by using
copolymer of NIPAM and HPMet was studied [14]. The
synthesis of hydrogels based on NIPAM with HPMet
obtained by gamma irradiation, their characterization
and the investigation of caffeine release properties was
investigated [29]. Unlike the corresponding copoly-
mers, thermosensitive hydrogels based on NIPAM with
HPMet have not been studied to great extent.

The aims of this paper were: the synthesis of poly-
(N-isopropylacrylamide-co-2-hydroxypropyl methacryl-
ate) hydrogels, p(NIPAM-co-HPMet) by radical polyme-
rization, their characterization and investigation of
their application as a drug carrier. The structures of the
obtained copolymers were characterized using FTIR,
SEM and DSC techniques and by analyzing the residual
monomer content and swelling behavior. From the
standpoint of safety ibuprofen, 2-(4-isobutylphenyl)
propionic acid was selected as a model drug. Ever since
clinical tests in 1966 proved the activity of ibuprofen in
the treatment of rheumatoid arthritis, and the first
commercialization in 1969, ibuprofen has become one
of the most important non-steroidal anti-inflammatory
drugs (NSAID) [30,31]. The influence of monomer and
cross-linker molar ratio on their swelling behavior was
already published [32]. The presented results are one
part of an extensive research concerning the possibility
of application of p(NIPAM-co-HPMet) hydrogels as
potential carriers for modified delivery of NSAID [33].

EXPERIMENTAL

Reagents

N-Isopropylacrylamide (NIPAM) 99%, 2-hydroxypro-
pyl methacrylate (HPMet) 96.5% and 2,2'-azobis(2-
methylpropionitrile) (AZDN) 98% by Acros Organics,
New Jersey, US; ethylene glycol dimethacylate (EGDM)
97% by Fluka Chemical Corp., CH; acetone by Centro-
hem, Belgrade, RS; methanol by Unichem, Belgrade, RS;
ibuprofen 98% by Sigma-Aldrich Co., US.
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Synthesis of p(NIPAM-co-HPMet) hydrogel

Cross-linked copolymers of NIPAM with 5 mol% of
HPMet, in reference to the amount of NIPAM mono-
mer, were obtained by radical polymerization using
EGDM as a cross-linker and AZDN as the initiator in
acetone as the solvent. EGDM concentration in the
reaction mixture varied: 0.5, 1, 1.5, 2 and 3 mol% com-
pared to the total comonomer mass. After homogeni-
zation and the monomer dilution, the reaction mixture
was injected into glass tubes which were then fused,
and subjected to polymerization under the tempe-
rature regime: 70 °C2 h, 80 °C 1 h, and 85 °C 0.5 h to
activate the initiator and the polymerization process,
and for the full utilization of the initiator. After cooling,
the obtained gels were separated from the glass tubes.
Gels were extracted by methanol to remove all non-
reacted water-insoluble compounds, monomers and
oligomers. Methanol was changed daily for three days.
Then, they were submerged into methanol/distilled
water solutions in 75/25, 50/50, 25/75 and 0/100%
ratios and kept for a day in the order to effect flushing
of methanol from the hydrogel. The extracts were anal-
yzed by HPLC method to determine the amount of a
residual monomer. Swollen gels were dried to constant
mass at 20 to 40 °C to pass into the xerogel stage for
further testing.

Characterization of p(NIPAM-co-HPMet) hydrogel
Fourier transform infrared spectroscopy (FTIR)

Samples of 1 mg of synthesized copolymers were
pressed into a pellet with 150 mg of KBr of spectro-
photometric purity and FTIR spectra were recorded on
a BOMEM MB-100 (Hartmann & Braun, Canada) in the
wavelength range of 4000-400 cm ™

Scanning electron microscopy (SEM)

Samples of swollen p(NIPAM-co-HPMet) hydrogel,
one pure and one with loaded ibuprofen, were first
lyophylised for SEM microscopy and then metalized by
gold-palladium alloy (15/85) and then recorded on a
JEOL scanning microscope JSM-5300.

Differential scanning calorimetry (DSC)

Thermal properties of samples were investigated by
differential scanning calorimetry (DSC) by using a DSC
Q100 (TA instruments). The samples were heated at
ramping rate of 10 °C min~", with the gas flow (nitro-
gen) 50 cm® min~* and the weight of the tested samples
was about 3 mg. Standard calibration was performed
by using indium, the melting temperature of which was
157 °C. The sensitivity of the instrument was 10 mV

-1
cm .

Residual monomers analysis

The solutions obtained by the extraction of polyme-
rized gels were analyzed by HPLC method on the
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device: Agilent 1100 Series, column: ZORBAX XDB-C18
250 mmx4.6 mm, 5 um, eluent: methanol, flow rate: 1
cm® min~, injected sample volume: 10 pl, temperature:
25 °C, detector: DAD 1A, detection wavelength: 220
nm.

Swelling behavior

Xerogels were immersed in distilled water and swel-
ling was monitored gravimetrically at temperatures
from 10 to 50 °C. The swelling ratio, a, was calculated
as:

(1)

where mg is the mass of xerogel and m is the mass of
swollen gel at the time t.

Loading and release of ibuprofen studies

In order to investigate the possibilities of the appli-
cation of synthesized hydrogels as carriers for the
modified release, ibuprofen was used as the model
drug. The xerogel was swollen in the ibuprofen solution
in methanol/distilled water mixture (80/20), 40 mg cm™
for 48 h.

The swollen gel was soaked with 7 cm’ of distilled
water and the amount of the released ibuprofen was
monitored for 24 h at the temperatures of 20 and 40
°C. The content and amount of the released ibuprofen
was performed by HPLC an Agilent 1100 Series device,
under the following conditions: detector: DAD 1200;
detection wavelength: 225 nm, column: Zorbax XDB-
C18, 250 mmx4.6 mm, 5 um, eluent: methanol/distilled
water, 80/20; eluent flow: 1 cm’® min_l; injected sample
volume: 20 ul, temperature: 25 °C.

RESULTS AND DISCUSSION

Synthesis of p(NIPAM-co-HPMet) hydrogel

The synthesis of p(NIPAM-co-HPMet) hydrogel was
performed with 0.5, 1, 2 and 3 mol% of EGDM. The
obtained product with cross-linker content below 1
mol% of EGDM remained in solution state after poly-
merization without required hydrogel consistency, and
as such it was not used for further analysis.

Characterization of p(NIPAM-co-HPMet) hydrogel

Fourier transform infrared spectroscopy (FTIR)

The nature of bonding and the structure of obtained
hydrogels were characterized by FTIR. Figure 1 shows
FTIR spectra of NIPAM and HPMet monomers and
EGDM cross-linker.

In FTIR spectra of NIPAM the following bands were
observed: v(CHs) at 2875 cm™", v,(CHs) at 2970 cm
vas(CH,) at 2933 cm™, v.,(CH) from the vinyl group at
3072 cm™ where the typical absorption amounts are
between 3000-3100 cm . The valence absorption of
N-H bond from the amide structure was observed at
3284 cm_l, while the amide band | was observed at
1658 cm ™. The band at 1622 cm ™" originated from the
valence vibrations of the C=C double bond.

The FTIR spectrum of HPMet monomer showed a
wide band originating from the valence vibration of the
O-H group and was present between 3100-3600 cm ™’
with a peak at 3450 cm Symmetrical and asymmet-
rical bands from C-H vibrations were also present:
vs(CHs) at 2894 cm " and v,,(CHs) at 2980 cm™". Valence
vibrations of the C=C double bond were observed at
1638 cm ™.

N-isopropylacrylamide
2-hydroxypropyl methacrylate
ethylene glycol dimethacylate

4000 3000
Transmittance / Wavenumber, cm’

Figure 1. FTIR Spectra of NIPAM, HPMet and EGDM.

2000 1000
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In the FTIR spectrum of EGDM a band from the
valence vibrations of the C=0 ester group were pre-
sent, conjugated with double C=C bond, with a peak at
1725 cm ™. There are peaks originating from valence
vibrations of C—-O bond, reflected by wide peaks at
about 1150 to 1180 cm ™. The peak at 1636 cm ™" origi-
nated from the absorption of the double bond. Also,
the bands: v,(CH;) at 2894 cm™, Vas(CH3) at 2960 cm™,
Vas(CH,) at 2930 cm Vas(CH) from the vinyl group at
3105 cm™ were observed.

Figure 2 shows FTIR spectra of synthesized
p(NIPAM-co-HPMet) xerogels with: 1, 1.5, 2 and 3
mol% of EGDM. Since the hydrogel synthesis was
carried out by the initiation using radicals formed by
decomposition of AZDN, there appeared to be no abs-
orption in gel FTIR spectra that could originate from the
double C=C bond. N-H and O-H groups in the polymer
chains were observed as lateral groups. In FTIR spectra,
wide bands in the range from 3100 to 3600 cm ™ were
observed, with clearly indicated peaks at about 3282
cm tand 3431cm™, originating from valence vibrations
of N—H and O-H groups, respectively. Also, there was a
band originating from amide band | from C=0 amide at
1648 cm™’, C=0 valence from ester at 1716 cm™’, as
well as the bands originating from valence vibrations of
C-H bonds of methyl and methylene groups in the
range 2800-3000 cm . FTIR spectra of p(NIPAM-co-
-HPMet) with different molar ratio of EGDM cross-
linker had a similar aspect since the concentration of
EGDM was too low to be noticed in FTIR spectra. On
the other hand, the monomer ratio in the copolymer
was identical.

Scanning electron microscopy (SEM)

SEM was used to investigate the morphology of
obtained hydrogel. In Figure 3a, the SEM micrograph of
hydrogel of p(NIPAM-co-HPMet) is given, showing the
structure of hydrogel with the characteristic porous

surface. The hydrogel morphology has a structure with
spherical and ellipsoidal surfaces that probably facili-
tate and accelerate the absorption of water into the
gel. All hydrogel samples with different cross-linker
ratios show a similar surface structure. Figure 3b pre-
sents the surface structure of hydrogel with the loaded
particle of ibuprofen.

(b)

Figure 3. SEM Micrographs of p(NIPAM-co-HPMet): a) pure
and b) with loaded ibuprofen.

100
801

60, 1 mol% EGDM

1.5 mol% EGDM U
2 mol% EGDM
3 mol% EGDM
4000 3000 2000 1000

Transmittance / Wavenumber, cm’'

Figure 2. FTIR Spectra of p(NIPAM-co-HPMet) xerogels with 1, 1.5, 2 and 3 mol% of EGDM.
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Differential scanning calorimetry (DSC)

The glass transition temperature of copolymerized
xerogels was investigated. DSC thermograms obtained
for p(NIPAM-co-HPMet) copolymers with 1, 2 and 3
mol% of EGDM in the themperature range 50-100 °C
and 100-150 °C are showed in Figure 4a and b, res-
pectively, as well as Table 1. As it can be seen,
p(NIPAM-co-HPMet) has three glass transition tempe-
ratures determined with the endothermic peaks of
weak intensity. The result analysis showed that thermal
properties of p(NIPAM-co-HPMet) xerogels do not
show a sharp phase transition to glassy state. The
occurrence of 3 glass transitions may be due to struc-

tural irregularities of polymer networks with different
crosslinking ratio and the presence of retained traces of
unreacted monomers in the polymer network. Accord-
ing to available literature data, the pNIPAM xerogel has
two glass transition temperatures T, at 85 and 135 °C
[18,34-36], while pHPMet has a T, at 95 °C [37]. The
first and the third glass transition temperature (74 and
Tg3) may be due to pNIPAM, and the second one Ty, in
the temperature range 75-85 °C is due to pHPMet.

The values of T, and T, indicated the increasing
trend when the cross-linker content increased, as it can
be seen in Table 1. This was obvious because the
increase in the crosslinker content in p(NIPAM-co-
HPMet) xerogels resulted in higher dense networks

0.1

63.37°C(l)

Heat Flow, W/g
=)
=)

66.52°C

-— | mol% EGDM
-=— 2 mol% EGDM
-+— 3 mol% EGDM

7361°C

75.00°C(l)

77.89°C

78.12°C

82.37°C())

-0.15, 60 70 80 90 100
Exoup Temperature, °C
(a)
0.0
4k131,44"0(|)
OJ} 132.44"C
E 130.14°C \
B,\ %130‘33‘0(”
E iE;:;o/;;:_"\ﬁ
§ 126.64°C \ﬂ\\
E +12?25”C(I)
—e—1 mol% EGDM 128.30°C
—a—2 mol% EGDM
01 —<+—3 mol% EGDM ™,
100 110 120 130 140 150
Exo up Temperature, °C

(b)

Figure 4. DSC Thermograms of p(NIPAM-co-HPMet) in temperature range: a) 50-100 °C and b) 100-150 C.
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that lead to higher T, values. It can be noticed that the
values of Tg of copolymers p(NIPAM-co-HPMet) were
decreased in comparison to pNIPAM homopolymer,
when adding a certain amount of HPMet monomer.
The p(NIPAM-co-HPMet) copolymers reached the third
phase transition to glassy state at lower temperature
values, proportionally to mole ratio of the cross-linker.
The decrease of cross-linking ratio in copolymer leads
to less crystalline structure, because the crystalline
domains which occur in pure pNIPAM disappear. All
xerogels were synthesized under the same conditions
and with the same HPMet monomer content (5 mol%)
and the only difference was the cross-linker content. It
can be seen that small differences in T, were caused by
differences in the density of the polymer network,
which is directly related to polymer-polymer inter-
actions.

Table 1. Glass transition temperatures of p(NIPAM-co-HPMet)
xerogels

EGDM content, mol% Te1/°C Tea/ °C Tes/ °C
1 62.16 75.00 131.44
2 63.37 80.99 130.33
3 63.18 80.37 127.26

Residual monomer analysis

HPLC Chromatographs of NIPAM and HPMet hydro-
gels monomers were made on DAD detector. The
monomer concentration was determined based on the
calibration curve.

The dependence of the peak area on NIPAM con-
centration was linear for concentration range of 1 mg
cm”3, for which the following equation applies:

where A is the peak area (mAUs), and C is the con-
centration of NIPAM (mg cm>).

The dependence of the peak area on HPMet con-
centration was linear for concentration range of 1 mg
cm™>, for which the following equation applies:

A—-4353
C —

= 3
10164.7 B)

where A is the peak area (mAUs), and C is concen-
tration of HPMet (mg cm_a). The amounts of residual
monomers in synthesized copolymer hydrogels are
given in Table 2.

The calculation regarding the quantity of monomer
in the reaction mixture at the beginning of the reaction
shows that the values were from 0.55 to 1.05% for
NIPAM, and from 1.37 to 1.62% for HPMet. The con-
tent of residual monomers leads to the conclusion that
the conversion of monomers was almost complete.

Table 2. Amount of residual monomers in xerogel

EGDM content, mol%

p(NIPAM-co-HPMet) 1 1.5 2 3
Residual monomer, mg g_1

NIPAM 8.006 8.109 9.675 5.076

HPMet 1.079 1.088 1.273 1.056

Swelling behavior

The time dependence of hydrogels swelling ratio, a,
for p(NIPAM-co-HPMet) observed at temperatures of
10 °Cis given in Figure 5. As it can be seen, the swelling
ratio increases extensively during the first 6 h.

At the temperature of 10 °C the swelling ratio is
about 20% higher compared to the values obtained for

_ A-113 2) swelling ratio at 20 °C [32]. The highest swelling ratio
26652.8 was noted in the hydrogel with the lowest EGDM cross-
404
354
EGDM
304 HI— 1 mol%
3 —O— 1.5 mol%
& 25- HA— 2 mol%
= —v— 3 mol%
o O
bl
£
T 151
B A
175)
104
7
54
0 1 T T T T T 1
0 8 16 24 32 40 48

Time, h
Figure 5. Swelling ratio, a, at 10 <C for p(NIPAM-co-HPMet) hydrogels with different EGDM content.
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linker content at 10 °C, i.e.,, 1 g of gel with 1 mol%
EGDM can absorb about 35 g of water. The swelling
ratio decreases at both temperatures with the increase
of the cross-linking degree, as expected, because the
higher cross-linker content increases the density of
cross-linking, thus reducing the mobility of polymer
chains. The reason for the reduction of the swelling
ratio at all temperatures when the amount of cross-
linker is increased is the formation of a thicker cross-
linking in the polymer gel. Then, the polymer chains
have less space to expand, they are more fixed and, as
a consequence the water absorption is lower. By
adjusting the cross-linker content, the internal free
volume that can be filled with water molecules can be
changed. On the contrary, when the amount of cross-
linker is lower, the length of polymer chains between
two nodes is greater and the chains can expand and
absorb more water. Great internal free volume allows a
greater amount of water to be placed inside the gel,
which favors the swelling [32].

The water transport into p(NIPAM-co-HPMet) poly-
mer networks may be analyzed based on the nature of
the sorption kinetics of the initial swelling data fitted to
the exponential Ficks equation, only valid for the first
60% of the fractional uptake:

F=My/M, = kt" (4)

where F is the fractional sorption, My/M,; M, and M,
are the amounts of he absorbed solvent at time t and
equilibrium, respectively; k is a kinetic constant incur-
porating characteristic of the network structure, n is
the diffusion exponent which is indicative of the trans-
port mechanism.

The logarithmic form of Eq. (4) was used to deter-
mine the values of n and k, from slope and intercept
the plots of In F versus In t for hydrogels at different
EGDM contents:

InF=In(MJ/M.) =Ink+nin t (5)

If n < 0.5 the swelling process is controlled by the
Fickian diffusion mechanism, whereas a value of 0.5 < n <
< 1 indicates an anomalous non-Fickian type diffusion
and contributes to the water-sorption process. The cal-
culated values for equilibrium swelling ratios and for
the linear dependence of In (M,/M.) on In t of
p(NIPAM-co-HPMet) hydrogels for hydrogel samples

with different compositions at 20 and 40 °C are shown
in Table 3.

The obtained values for diffusion exponents, n, at
the temperature of 20 °C increases from 0.602 to
0.793, so p(NIPAM-co-HPMet) is classified as a hydrogel
with anomalous transport behavior, which is inter-
mediate between Fickian and Case Il (n = 1), also
known as non-Fickian behavior. Their swelling process
is controlled by the diffusion of liquids and the relax-
ation of the polymer chains. Different calculated diffu-
sion exponents for the swelling at 40 °C (n is between
0.303 and 0.311) suggests that the swelling process is
controlled by diffusion only. This indicates that the
p(NIPAM-co-HPMet) hydrogels are submitted to the
Fickian diffusion for all EGDM molar ratio. This evi-
dence also shows that the swelling transport mecha-
nism was transferred from Fickian to non-Fickian trans-
port with the decreasing themperature. The results in
Table 3 indicate that as the EGDM content increases,
the water fractional uptake at the same absorption
time decreases, but the kinetic constant, k, and diffu-
sion exponents, n, increase. The kinetic constants are
higher at 40 °C and this fact suggests that the diffusion
rate decreases at the temperature upper LCST, due to
the decrease in size of free spaces in the network.

Comparing the obtained swelling results with the
p(NIPAM-co-HPMet) hydrogels swelling ratio results
obtained by gamma irradiation and described in the
published work of Nizam EI-Din, certain differences in
the swelling ratio are noted [29]. The gels obtained by
gamma irradiation have a lower swelling ratio com-
pared to the gels obtained by radical copolymerization
in the presence of EGDM cross-linker. By using gamma
irradiation, the cross-linking intensity of copolymer
depended on the intensity of gamma rays, and
p(NIPAM-co-HPMet) hydrogel with lower molar ratio of
HPMet (2 mol%), obtained by using 20 kGy gamma rays
at 25 2Cin water had a swelling ratio of about 6. Similar
result were obtained for p(NIPAM-co-HPMet) hydrogel
with a higher molar ratio of HPMet monomer (10 mol%)
produced by the polymerization method of Wensheng
Cai and collaborators [14], which also achieved the
swelling ratio of 6.

The thermosensitive nature of p(NIPAM-co-HPMet)
was investigated by monitoring volume changes of
swollen hydrogels with the increase of temperature.

Table 3. Equilibrium swelling ratio, o, and kinetic parameters of water diffusion into p(NIPAM-co-HPMet) hydrogels

EGDM, mol% 20°C 40 °C
o n kxlOz/ min™/2 o' n kx10? / min /2 R
29.589 0.793 0.959 0.973 5.79 0.303 1.705 0.913
1.5 18.002 0.751 1.230 0.953 4.29 0.304 1.708 0.913
11.043 0.669 1.825 0.962 2.36 0.306 1.709 0.913
6.244 0.602 3.016 0.984 1.60 0.311 1.749 0.957
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The swelling ratios as dependent on the temperature
and EGDM cross-linker content are shown in Figure 6a
and b, respectively.

354 [t
T EGDM
—— 1 mol%
304 —0— 1.5 mol%
—&—-2 mol%
254 —7— 3 mol%
o]
=3
= 20
=
% 154
@
104
5]
0 T T T T ?
10 20 30 40 50
T, °C
(@
354
| . —o—10°C
304 —0—20°C
] —a—30°C
25 A —v—40°C
1 —o—50°C
2

Swelling Ratio, o
PP
//7/

[

a
54 R
vV—
P — e ——
1.0 1.5 2.0 2.5 3.0
EGDM, mol%

(b)

Figure 6. Swelling ratio, a, of p(NIPAM-co-HPMet) hydrogels
in dependents on: a) temperature and b) EGDM content.

The decrease of the swelling ratio with the tempe-
rature increase is noted as an important characteristic
of p(NIPAM-co-HPMet). As it can be seen, the highest
swelling ratio values of the hydrogel were reached at
the temperatures of 10 and 20 °C began to decrease,
passing through the phase transition and intensive
decrease at 40 °C, and above 50 °C reach asymptotic
values (a = 0.7 for hydrogel with 3 mol% EGDM at 50
°C). Phase transition can be noted at temperature
range 30—40 °C. These results are consistent with pub-
lished literature data [29]. The LCST of p(NIPAM-co-
-HPMet) hydrogels was determined at 34 °C using DSC
[14]. The pure pNIPAM hydrogel has LCST at 32 °C [6].
By copolymerization of NIPAM with hydrophilic HPMet
monomer, it was achieved that LCST of p(NIPAM-co-
-HPMet) copolymer had slightly higher LCST than pNIPAM
hydrogel and became closer to the physiological tem-
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perature. Visual monitoring of hydrogels at the phase
transition temperature shows that they become opaque,
milky white in color, and their collapse occurs, i.e. the
contraction. The phase transition of hydrogel is deter-
mined by a delicate balance between the hydrophilic
and hydrophobic groups inside the hydrogels. Because
of the presence of hydrophilic HPMet monomer, the
influence of hydrophobic NIPAM monomer groups is
reduced and LCST of p(NIPAM-co-HPMet) copolymer is
increased compared to pure pNIPAM. During the phase
transition the breaking of hydrogen bonds and water
molecules between polymer chains and the domination
of hydrophobic interactions between polymer chains
occur, which causes the elimination of water molecules
from hydrogel. As it was published earlier, the number
of hydrogen bonds in the hydrogel increases the col-
lapse of the gel. They can further be built from the
terminal OH group of HPMet with electronegative O
atom from the ester functional groups (HPMet and
EGDM), or with N from NIPAM [32].

All noted characteristics of p(NIPAM-co-HPMet)
hydrogel are very important for their potential appli-
cation as a carrier for the controlled release of NSAID.
For the intelligent delivery of antipyretics responding to
the raised body temperature in a state, a thermosen-
sitive release system is required. This is the reason for
further studying of p(NIPAM-co-HPMet) as an “intelli-
gent gel”, a material that reacts to the stimulus of the
temperature change.

Loading and release of ibuprofen studies

The investigation of the content and amount of the
released ibuprofen from thermosensitive hydrogels
depending of temperature was carried out by HPLC. A
calibration curve was drawn using a characteristic
intensive peak with maximum absorption wavelength
(Amax) @t 225 nm from DAD detector and the HPLC
chromatogram (R, = 2.97 min) for ibuprofen. The
dependence of the peak area on the ibuprofen amount
is linear for the concentration range to 1 mg cm™. For
linear dependence, the following equation applies:

A-201.2
c_A=20

= (4)
34952.1

where A is the peak area (mAUs), and C is the the
amount of ibuprofen (mg cm™3). From this equation the
unknown released concentration from the samples was
calculated. The amount of ibuprofen loaded in the
hydrogels was measured before the release experi-
ment. The loading process was carried out in the satu-
rated solution of ibuprofen and the amounts measured
for hydrogels with different cross-linker ratio are shown
in Table 4.

It was found that the amount of loaded ibuprofen
depended on the hydrogel composition, according to
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their swelling properties described in the previous part.
The results for the released ibuprofen from hydrogels
at room temperatures of 20 and 40 °C, similar to the
body fever temperature, are shown in Figure 7a and
7b, respectively.

Table 4. The amount of loaded ibuprofen into
p(NIPAM-co-HPMet)

Loaded ibuprofen

EGDM, mol%
ME/Bxerogel %
481.77 97.32
1.5 396.35 84.74
337.49 61.29
241.79 51.36

The analysis of the obtained results in the first 24 h
shows that higher ibuprofen concentration release

65 -

o
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w (=2}
o o
1 1

o/

Released ibuprofen. m

from hydrogel is achieved when the system is exposed
to higher temperature. It can be observed that at 40 °C
the hydrogel with the lowest cross-linker content
released the largest amount of ibuprofen (64.21
Mg/ Bxerogel OF 13.33% of the total loaded mass). There-
fore, different temperatures may be responsible for
different release behaviors. Namely, at room tempe-
rature, when the hydrogel containing ibuprofen is
immersed into the water medium, the drug is transfer-
red from the gel into water by free diffusion. If the
temperature is increased, besides the free diffusion,
there is an active drug extrusion of incorporated ibu-
profen due to the collapse of swollen hydrogel as a
consequence of the temperature increase and phase
transition occurrence. This higher release rate may be
related to the higher swelling ratio of the hydrogel and
the weak H-bonding interaction between ibuprofen
and the polymer network. At the temperature higher
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Figure 7. Ibuprofen release from p(NIPAM-co-HPMet) hydrogels at: a) 20 and b) 40 C.
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than LCST, the intermolecular hydrogen bonding
between ibuprofen and hydrogel chains was broken
and the drug releases from the hydrogel. The phase
transition occurrence is leads to p(NIPAM-co-HPMet)
hydrogel deswell with the increase of temperature,
which leads to the decrease of the swelling degree.
Thus the results are consistent with the achieved equi-
librium swelling degrees of synthesized hydrogels. The
kinetic parameters of the ibuprofen release mechanism
from hydrogel were assessed by fitting experimental
release data to Fick’s equation (5) and presented in
Table 5.

Table 5. Kinetic parameters of released ibuprofen from
p(NIPAM-co-HPMet) at 20 and 40 C

Released ibuprofen

EGDM, mol% 20°¢ > 40°c >
n kx10 n kx10
. =1/2 . —=1/2
min min
0.099 0.959 0.362 1.705
1.5 0.073 1.230 0.233 1.708
0.068 1.825 0.225 1.709
0.052 3.016 0.194 1.749

The obtained results indicate that the release pro-
cess is controlled by the Fickian diffusion mechanism (n
< 0.5) at both temperatures. The release profiles
showed a reduction in the released amount of ibu-
profen at both temperatures as the EGDM concen-
tration was increased owing to the higher network
density and small available free volume between the
chains. On the other hand, as the EGDM content
decreased, more ibuprofen was released from the hyd-
rogel, which could be explained by the swelling beha-
vior of hydrogels, as a function of EGDM content.

One of the most attractive features of these hydro-
gels as drug carriers is their intelligent property to
external temperature changes. It is important and prac-
tical to examine the drug release data from those hyd-
rogels at the temperature higher than LCST like the
fever body temperature (40 °C). A potential application
of p(NIPAM-co-HPMet) hydrogel in the drug delivery
systems modified by temperature can be expected.

CONCLUSIONS

A new method of the preparation of thermosen-
sitive hydrogels based on NIPAM with 5 mol% of
HPMet monomer, using various concentrations of
cross-linker was described. When analyzing the FTIR
spectra of the obtained p(NIPAM-co-HPMet) hydrogels
containing different amounts of EGDM cross-linker, no
significant difference in the structure was observed.
SEM microscopy confirmed the porous structure of
hydrogels and the changed structure with incorporated
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ibuprofen. Three-glass transition temperatures were
determined by the DSC method. The content of resi-
dual monomers showed that the conversion of NIPAM
and HPMet monomers was almost complete. The swel-
ling ratio of hydrogels decreased at all temperatures
with the increase of cross-linker content, and also with
the increase of the temperature. The swelling transport
mechanism was transferred from Fickian at 40 °C to
non-Fickian transport with the decreasing temperature
at 20 °C. p(NIPAM-co-HPMet) are used as drug carriers
for testing the ibuprofen modified release. The hyd-
rogel with the highest swelling degree released the
largest amount of ibuprofen at 40 °C. This may be
explained by the incorporation of more OH groups of
ibuprofen that form hydrogen bonds in the polymer
network. During the phase transition, they break
because of the hydrogel collapse due to the increase of
the temperature upper LCST. In fact, this gives an
opportunity for a wider investigation of pharmaceutical
application of these hydrogels, for the modified release
of NSAID.
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(Naucni rad)

Prikazan je metod sinteze hidrogelova poli(N-izopropilakrilamid-ko-2-hidroksi- Kljucne reci: N-lzopropilakrilamid e Kopo-
propilmetakrilata), p(NIPAM-ko-HPMet), sa 5 mol% monomera HPMet-a dobijenih limerni hidrogel e Termicke osobine e
radikalnom polimerizacijom. Karakterizacija sintetisanih hidrogelova je izvedena Bubrenje o Ibuprofen

odredivanjem koli¢ine rezidualnih monomera i izvrSena je njihova strukturna
analiza pomocu infracrvene spektroskopije (FTIR), diferencijalne skenirajuée kalo-
rimetrije (DSC) i skenirajuce elektronske mikroskopije (SEM). FTIR spektri sinte-
tisanih hidrogelova p(NIPAM-ko-HPMet)-a sa razliCitim sadrZzajem umreZivaca
EGDM-a pokazuju uzajamnu slicnost u strukturi. Povrsinska struktura liofilizovanih
hidrogelova je porozna i uoCavaju se Cestice uklopljenog ibuprofena. Termicka
svojstva kserogelova p(NIPAM-ko-HPMet)-a pokazuju tri staklasta prelaza sa
endotermnim pikovima slabog intenziteta. SadrzZaj rezidualnih monomera dovodi
do zakljucka da je konverzija monomera tokom sinteze gotovo kompletna. Kine-
tika bubrenja hidrogelova pokazuje da se pri povecanju temperature od 20 na 40
°C mehanizam transporta tecnosti menja iz ne-Fikovog (proces bubrenja
kontrolise difuzija tecnosti i relaksacija polimernih lanaca) u Fikov (kontrolisan
samo difuzijom tec¢nosti). Moguénost primene hidrogelova p(NIPAM-ko-HPMet)-a
kao nosaca lekova ispitivana je u zavisnosti od temperature. Ibuprofen, korisé¢en
kao model lekovita supstanca, uklopljen je u hidrogel i koli¢ina oslobodene aktiv-
ne supstance odredena je HPLC metodom. Utvrdeno je da uzorak hidrogela
p(NIPAM-ko-HPMet)-a sa sadrzajem umreZivaca od 1 mol% EGDM-a dostiZze naj-
veli stepen bubrenja (a = 34,72) na 10 °C i otpusta najvecu koli¢inu ibuprofena na
40 °C (64,21 Mg/Byserogel)- Ispitana svojstva predstavljaju dobru osnovu za poten-
cijalnu primenu hidrogelova kao nosaca lekovitih supstanci sa modifikovanim
oslobadanjem.
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