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ABSTRACT

co-IA) hydrogels were prepared by copolymerization in mixed solvents of water and

dimethylsulphoxide (DMSOQO) above zero. The freshly fabricated P(NIPAAm-co-1A)
hydrogels were characterized by Fourier transform infrared spectroscopy (FTIR), ther-
mogravimetric analysis (TGA). and scanning electron microscopy (SEM) techniques to
investigate their chemical compositions, structures, and morphologies. The results
showed that all of these gels have similar chemical compositions and structures but dif-
fer in surface morphologies: The hydrogels prepared with highest DMSO/water ratios
have porous surfaces, while the other gels exhibit smooth and dense surfaces.
Temperature/ and pH-sensitivities of the resultant hydrogels were examined through
swelling ratios and deswelling/reswelling kinetics experiments, as well. The results indi-
cated that only hydrogels prepared in the highest DMSO/water ratio media exhibited
improved properties such as higher swelling ratios, faster deswelling and reswelling
kinetics compared with traditional P(NIPAAm-co-IA) hydrogels, as the other hydrogels
possessed lower swelling ratios and slower deswelling and reswelling dynamics. We
have proposed that there maybe an energy barrier existed for conformation
transitions in the process of removal of DMSO by water. Only the gels which could
overcome the energy barrier exhibited expanded network structures and improved
properties while, the other gels maintained their contracted network structures and poor

I n this article, pH and temperature double responsive poly (N-isopropylacrylamide-
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INTRODUCTION

Over the past 20 years, a consider- of applications, for example,
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able amount of research has been
focused on polymer hydrogels,
especially
hydrogels, which cannot only pre-
serve a lot of water as conventional
gels do, but also exhibit great sen-
sitivity to environment stimuli,
such as temperature [1,2], pH [3,4],
electric field [5], light [6] and anti-
gens [7]. These hydrogels have
been developed for a wide variety

stimuli-responsive

devices for drug delivery systems
[8,9], selective absorption of water
[10,11] and bleed stopping [12].

Poly(N-isopropylacrylamide)
(PNIPAAm) hydrogel is a repre-
sentative temperature sensitive
polymeric network which demon-
strates a volume phase transition at
lower critical solution temperature
(LCST) around 33°C.

Below the LCST, the PNIPAAm



gel is in the water-swollen state. As the temperature is
increased above LCST, it becomes hydrophobic and
shrinks quickly [13].

Besides, the PNIPAAm and its copolymers or
hybrid gels are also sensitive to many solvents, such
as methanol [14], dioxane [15], acetone [16], tetrahy-
drofuran (THF) [17], dimethylformamide (DMF) [18]
and DMSO [19]. Usually, they are all, good solvents
for the PNIPAAm and its copolymers, however when
each one of them is mixed with water in certain ratios,
these solvents become co-nonsolvents and the re-
entrant phenomenon takes place.

Contrary to the above observations, PNIPAAmM
hydrogels prepared in the mixed solvents, such as ace-
tone (or THF)/water mixtures, demonstrate surpris-
ingly responsive properties, as extensively reported
by Zhang et al. [20-24]. However, there are only a few
reports on the preparation of PNIPAAm hydrogels
from DMSO/water mixed solvents at subzero temper-
atures [25,26]. So far, to our knowledge, there has not
been any report on the effect of DMSO/water ratios
on the preparation and properties of the PNIPAAm
hydrogels above 0°C.

Thus, in this article, an attempt is made to synthe-
size hydrogels using DMSO and water as mixed sol-
vents at 15°C (far above zero) with the purpose of dis-
closing the reasons behind the secret that why there
has not been any report on the preéparation:of the
PNIPAAm hydrogels in the DMSO/water mixtures
above zero. Itaconic acid, however, 'has been adopted
to impart pH sensitivity by replacing the often-used
acrylic acid due to its high hydrophilicity and
biodegradability [27]. Theresulting hydrogels were
characterized by swelling ratios and deswelling and
reswelling kinetics at.various temperatures and pH

media. Fourier transform infrared spectroscopy
(FTIR), scanning electron microscopy (SEM) and
thermogravimetric analysis (TGA) techniques were
applied to analyze their chemical compositions, struc-
tural, and morphological characteristics as well.

EXPERIMENTAL

Materials

N-Isopropylacrylamide (NIPAAm, Acros), purified
by recrystallization from a mixture of toluene and n-
hexane(v:v=3:2) and itaconic acid (IA, purity>99%)
purchased from Aldrich were used as monomers.
N,N’-Methylenebisacrylamide (BIS) was purified by
recrystallization from methanol and used as a cross-
linking~ agent. Potassium persulphate(KPS),
N,N/N',N <tetramethylethylenediamine (TEMED)
were used as polymerization initiator and accelerator,
respectively. Dimethylsulphoxide (DMSO) was ana-
lytical grade and used as received without further
purification.

Potassium tetroxalate dehydrate (KH3(C,04),.
2H,0), potassium hydrogen tartrate (KHC4H4Oy),
potassium hydrogen phthalate (C4H4CO,HCO,K),
disodium hydrogenorthophosphate (Na,HPOy,),
potassium dihydrogen phosphate (KH,PO,), sodium
tetraborate decahydrate (Na,B407.10H,0) and sodi-
um chloride (NaCl) were all analytical grades and
used to prepare pH buffer solutions.

Preparation of Hydrogel

Monomers of NIPAAm and IA were put into a glass
tube, and dissolved with the DMSO/water mixed sol-
vents in the presence of the cross-linker BIS. KPS was

Table 1. Feed composition of P(NIPAAm-co-1A) hydrogels (G8000-G4040) synthesized in DMSO and water

mixed solvents initiated at 15°C.

Run | Sample NIPAAM IA BIS KPS H,0 DMSO M,

ID (9) (9) (9) (9) (mL) (mL) (9)
1 G8000 0.5000 | 0.0150 | 0.0250 | 0.0125 8.0 0.0 0.5447
2 G7505 05000 | 0.0150 | 0.0250 | 0.0125 75 05 0.5376
3 G7010 05000 | 0.0150 | 0.0250 | 0.0125 7.0 1.0 0.5357
4 G6515 0.5000 | 0.0150 | 0.0250 | 0.0125 6.5 15 0.5345
5 G6020 05000 | 0.0150 | 0.0250 | 0.0125 6.0 2.0 0.5326
6 G5030 05000 | 0.0150 | 0.0250 | 0.0125 5.0 3.0 0.5302
7 G4040 0.5000 | 0.0150 | 0.0250 | 0.0125 4.0 4.0 0.5191

M;: the weight of the resultant dry gel
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Table 2. The standard pH buffer solutions with different molarities (C) and ionic strengths (I) and the

compounding ways.

Number pH © I Compounding way
(mol/L) | (mol/kg)
1 1.68 0.050 0.050 12.71 g KH3(C504)2.2H,0 in 1000 mL H,O
2 3.56 0.034 0.034 7 g KHC4H4Og in 1000mL H,0O overnight , filtrated (saturated)
3 4.01 0.050 0.050 10.21 g C4H,4CO,HCOLK in 1000 mL H,O
4 6.86 0.025 0.010 | 3.53 g Na,HPO, and 3.39 g KH,PO, in 1000 mL H,O
5 9.18 0.010 0.030 | 3.80 g Na,B,07.10H,0 in 1000 mL H,O

used as an initiator, and TEMED was added as an
accelerator; then degassed and sealed off under nitro-
gen. Polymerization was conducted at 15°C for 24 h
and the produced hydrogels were cut into discs (10
mm in diameter, 2 mm in thickness). The hydrogel
discs were immersed in distilled water at 0°C for a
week. During this period, the deionized water was
replaced everyday to leach out the DMSO, unreacted
monomers and linear polymers. The feed composi-
tions of the monomers, cross-linker and mixed sol-
vents compositions are listed in Table 1. The resulting
hydrogels were designated as G8000, G7505, G7010,
G6515, G6020, G5030 and G4040, respectively.

Preparation of pH Buffer Solutions

Standard pH buffer solutions were prepared according
to IUPAC standards and procedures [28]. The pH and
compounding materials are listed in Table 2. The ionic
strength of the pH buffer solutions were adjusted to be
uniform (I=0.05 mol/kg) by using NaCl.

Instrumentation

Optical Images

All the optical images. were recorded using Canon
AS510 camera.

FTIR

An RFX-65A FTIR spectrometer (Analect, USA) was
used for spectral measurements. The hydrogel sam-
ples were dried in vacuum at 50°C for 48 h till reach-
ing constant weights. The dried samples were embed-
ded in KBr discs after being grinded into powder. The
scanning wavenumber ranged from 4000 to 500 cm1.

TGA
The TGA thermograms were recorded on a

PerkinElmer-7 instrument at a heating rate of
10°C/min under N, protection over a temperature
range betweenroom temperature and 500°C.

Surface Morphology Observation

Scanning’ electron microscopy (SEM, JSM-5910,
Japan) was used to study the surface morphologies of
the PNIPAAm hydrogels. To prepare samples for
SEM, the swollen hydrogels were freeze-dried and
then sputter coated with gold.

Temperature Dependence of the Swelling Ratio
The temperature dependence of swelling ratio of
hydrogels was measured gravimetrically after careful-
ly blotting surface water with moist filter paper in the
temperature range of 25 and 60°C. Hydrogel samples
were immersed in distilled water for at least 24 h at
each predetermined temperature. The average value
of three measurements was taken for each sample and
the swelling ratio (SRy) was determined according to
the following equation:

Swelling ratio (SRp) = (W-Wy)/ Wy

where W, is the weight of swollen hydrogel at the par-
ticular temperature and W is the dry weight of the
hydrogel.

The Equilibrium Swelling Ratio in pH Buffer
Solutions

The swelling ratio of hydrogels was measured gravi-
metrically after carefully blotting surface water with
moist filter paper at ambient temperature (25°C).
Hydrogel samples were immersed in various pH
buffer solutions for at least 24 h. The average value of
three measurements was taken for each sample and
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the swelling ratio (SRpH) is calculated as follows:
Swelling ratio ( SRpH) =(We-Wy/ Wy

Where, W, is the weight of swollen hydrogel at ambi-
ent temperature and Wy is the dry weight of the
hydrogel.

Measurement of Deswelling Kinetics

The deswelling kinetics of hydrogels were measured
gravimetrically at 60°C. The hydrogel samples were
first immersed in distilled water at 25°C until equilib-
rium was reached. Then, the equilibrated hydrogels
were quickly transferred to distilled water or pH
buffer solution of 60°C. At specified time intervals,
the samples were removed from the hot water and
weighed after wiping off the excess surface water
with moist filter paper. The average value of three
measurements was taken for each sample and the
swelling ratio (SRy) is calculated by the following
equation:

Swelling ratio (SRy) = (W-Wy)/ Wy

where, W; is the weight of hydrogel at regular time
intervals, W is the weight of the dry gel

Measurement of Reswelling Kinetics

The kinetics of reswelling of the gels was measured
gravimetrically at 25°C. Before the measurement, the
hydrogel samples were freeze-dried for 24 h. The
weight changes of gels were recorded during the
course of reswelling in distilled water after blotting
the excess surface water at regular time intervals. The
swelling ratio (SR,) is'determined by the following
equation:

Swelling ratio (SR,) = (W-W3)/ Wy
where, W; is the weight of hydrogel at regular time
intervals, W is the weight of the dry gel.
RESULTS AND DISCUSSION

Preparation of Hydrogel
The chemical structures and the polymerization
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Scheme |. The molecular structures of the monomers,
cross-linker, and synthetic procedure of P(NIPAAm-co-1A)
hydrogels.

process of the hybrid hydrogels are shown in
Scheme I. It is worth noting that during the mixing
procedure the tubes were kept at 0°C with the aid of
ice/water to preclude the possibility of pre-polymer-
ization because when DMSO and water are mixed
together strong exothermic effect would initiate the
polymerization of NIPAAm. For the same cautionary
reason, the accelerator TEMED was added at the final
step [29]. Otherwise, the obtained hydrogels would
be opaque and very soft.

Physical appearances of the formed hydrogels are
shown in Figure 1. As it is noticed, gels from G8000
to G6515 are transparent, while G6020 shows slight
phase-separation. Both G5030 and G4040 are opaque
in the tubes. However, after purification, G5030 turns
to be transparent due to its high hydrophilicity, as
revealed in Figure 2, while G4040 breaks into pieces
due to its poor strength.
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Figure 1. P(NIPAAm-co-IA) hydrogels (before disposal)
prepared at 15°C (from left to right: G8000, G7505, G7010,
G6515, G6020, G5030, and G4040, respectively).

The exact nature of the co-nonsolvency behaviour
of linear chains and the corresponding re-entrant phe-
nomenon observed with hydrogels are still puzzling
[30]. It has been proposed that when DMSO is mixed
with water, different water/DMSO complexes may be
formed which behave as poor solvents for PNIPAAm
and its copolymers. During the growth of P(NIPAAm-
co-1A) chains, competitive interactions may exist
between DMSO, water, and P(NIPAAm-co-1A)
chains.

First, the attractive interactions between polymer
chains and water molecules have dominating role
over the attractions between the polymer chains. With
the increase of DMSO, attractive interactions between
the two solvents become predominant, resulting in an
increase in the free energy for polymer-polymer con-
tact. Finally, the increasing affinity among polymer
segments can induce the collapse of the polymer net-
work [31] leading to phase separationand physical
appearances of gels which change from transparent to
translucent, or even to opaque gels.

The appearances and shapes of the swollen hydro-
gels are shown in Figure 2. It'is surprising to find out
that except G5030, the water absorption of the other
gels samples is even lower than the conventional gel,
G8000. Besides, in these series of gels, the water

Figure 2. P(NIPAAm-co-IA) hydrogels at swollen equilibri-
um (from left to right: G8000, G7505, G7010, G6515,
G6020, and G5030, respectively).

Figure 3. Freeze-dried P(NIPAAm-co-lA) hydrogels (from
left to right: G8000, G7505, G7010, G6515, G6020, and
G5030, respectively.

absorption increases in the order: G7505 < G7010 <
G6515 < G6020. During the course of copolymeriza-
tion in the mixed solvents, the polymer chains are
often curled, intertwist with each other, and these
interactions are fixed by cross-linking. After purifica-
tion, DMSO is extracted and replaced by water, and
polymer chains tend to take conformational transi-
tions to'relaxation state. However, they need to break
the bondage of the cross-linkers and conquer the cor-
responding energy barriers. As known, with the
amount of DMSO increased in the gelation, the ion-
ization of carboxyl of itaconic acid becomes gradual-
ly weaker.

When the final gel is purified in water, the itacon-
ic'acid is ionized and the electrostatic repulsion takes
over. Thus, the higher the DMSO content, the greater
the forces, and more water can be absorbed in to the
hydrogel. Finally, sufficient forces are produced and
succeed in intriguing the polymer chains to extend
and relax, and so lead to the formation of the honey-
comb porous structures. Thus, it is reasonable to
assume that when DMSO is used in the gelation, the
swelling ratios of the hydrogels are increased in the
above order and only G5030 is higher than G8000
which has been prepared in pure water. Figure 3
shows the images of freeze-dried samples, in which it
is easier to notice that the volume relationship
(G7505<G7010<G6515<G6020<G8000<G5030 still
remains.

The conversion of monomers has been traced by
gravimetric determination. In most cases, nearly
quantitative conversion values and complete incorpo-
ration of itaconic acid into the thermoresponsive gel
matrix are achieved. Furthermore, the hydrogels were
subjected to acid-base titration analysis after extrac-
tion [27]. The results have revealed that the percent-
age of PIA in gels changes very little from G8000 to
G5030. Hence, the copolymer composition can be
approximated very well to the initial feed composition.

Iranian Polymer Journal / Volume 17 Number 2 (2008)
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Figure 4. The FT-IR spectra.of the resulting hydrogels.

FTIR

Figure 4 shows the FTIR spectra of the P(NIPAAm-
co-1A) hydrogels. It can be observed that the IR 'spec-
tra of all hydrogels are almost the same which is rea-
sonable due to the fixed feed ratio of NIPAAm to 1A
and the high conversion efficiency. This‘means that all
the gels have similar chemical compositions and
structures. The result can be further confirmed by the
TGA measurements which are shown in Figure 5. All
the gels exhibit a typical broad band in the range of
3700-3100 cm! (band a ) due to the evidence of the
OH stretching vibrations of carboxylic acid groups of
IA and NH stretching vibration of NIPAAm. The peak
at approx. 1730 em™! (band b) can be attributed to the
typical carbonyl vibration in IA. The typical amide-I
band and amide-II band of NIPAAm are obvious at
1650 cm- (band c) and 1550 cm! (band d), respec-
tively.

TGA

The TGA curves are shown in Figure 5. It is clear that
the weight loss curves of the five dried hydrogel sam-
ples from G8000 to G5030 are almost the same while
G4040 is slightly different. It means the chemical
composition and structure of dried gels from G8000

to G5030 change little which is consistent with the IR
results while G4040 is somehow different. This is eas-
ily understood when taking the initial feed ratios and
the process of copolymerization into account. From
G8000 to G5030, the initial feed compositions are the
same and the reaction process is similar, thus the sim-
ilar chemical compositions and structures could be
expected. As for G4040, even though the initial feed
composition is the same, however it is polymerized in

100
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Figure 5. The TGA curves of the resulted hydrogels.
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Figure 6. The SEM images of the hydrogels (a) G8000 and
(b) GDMSO05030 (i.e., G5030).

the form of precipitation polymertization likewise, so
the cross-link density has been somewhat low and for
IA it has been hard to enter copolymerization with the
chains of PNIPAAm. The former lead to the low ther-
mal stabilities and ‘the latter induces the low
hydrophilicity. Both of ‘them can be reflected in the
TGA curves. The initial thermal event occurs in the
temperature range 50-150°C which is exhibited in the
form of a shoulder in each curve, where G4040 shows
a mass loss about 7% whereas others lose about 15%.
This is attributed to the evaporation of residual water
restrained by different amounts of hydrophilic bonds
in the hydrogels. Although the decomposition temper-
ature of G4040 is slightly lower than those of the oth-
ers, all the hydrogels decompose beyond 350°C show

good thermal stabilities.

SEM

The morphologies of P(NIPAAm-co-1A) gels are
shown in Figure 6. Only the G5030 exhibits porous
structures after being freeze-dried, the surface mor-
phologies of all the other hydrogels are dense,
smooth, and homogeneous. This is consistent with the
results in Figure 3. As a result of numerous small
pores in the hydrogel network, water molecules can
be accommodated and easily diffused in and out.
Therefore, the swelling ratio of G5030 and its
response rate could be greatly enhanced which can be
reflected in swelling or deswelling kinetics experi-
ments as described below.

Temperature Dependence of the Swelling Ratio
Theequilibrium swelling ratios (ESR) of P(NIPAAm-
co-1A) hydrogels in distilled water are depicted in
Figure 7 as a function of temperature ranged between
25 and 60°C. It is clear that at room temperature, the
ESR of the G5030 is much larger than that of the con-
ventional gel sample G8000, whereas those of the
other four gels, i.e., G6020, G6515, G7010 and
G7505 are smaller than that of G8000. In detail, ESR
of G5030 is around 144.8, and that of G8000 is 65.2,
while those of G6020, G6515, G7010 and G505 are
37, 40, 43.8 and 57, respectively. As it is mentioned
above, due to lack of sufficient energy to break
through the constraints of cross-linking, the macro-
molecular chains of gel samples, e.g., G6020, G6515,
G7010, and G7505 undergo relaxation to a lesser
extent, discouraging water from entering in to the net-
work. Even though, within them, the swelling ratios
still increase with the increase of DMSO content in
the preparation of the copolymer gel samples. As
DMSO content increases further, the polymer chains
acquire sufficient energy to overcome the energy bar-
riers for conformational transitions. The chains are
relaxed and expanded, therefore porous structures are
formed which can accommodate more water. Thus,
the highest plateau value in the equilibrium swelling
curve is obtained for G5030 sample.

From Figure 7, it can also be deduced that when
the temperature is increased in the region of 40-60°C,
ESR of hydrogel decreases gradually. As far as the
LCST is concerned, it lies in the vicinity of 45-55°C
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Figure 7. The temperature dependency of equilibrium
swelling ratios of the resultant hydrogels in distilled water.

due to the incorporation of the highly hydrophilic
monomer, IA. However, the changes of the swelling
ratios at LCST seem to be continuous and different
from those pure PNIPAAm hydrogels which take a
sharp decreasing trend. The differences may associate
with the higher hydrophilic nature of the hydrogel
network. Since itaconic acid is highly hydrophilic-and
independent of the surrounding temperature, the con-
formational transition to the hydrophobic state of the
polymer chains may be hindered to some“extent and
lead to smooth changes.

The magnitude of the swelling ratio reduction
(changes of SR vs. temperature, i.e., ASR=SRggoc-
SR;s0¢) also depends on the composition ratio of the
solvent mixture used for hydrogels prepared. For
instance, the SR of G5030:reduces from 145 to around
8.6, with a ASR of around 136:4. While in the cases of
G6020, G6515, G7010, G7505, and G8000 samples,
the ASR for each is 49.5, 39.6, 37.57, 34.8 and 61.7,
respectively. This result is in agreement with the rela-
tionship derived from its initial equilibrium swelling
ratios at room temperature. At last, when the temper-
ature reaches 60°C, the hydrophobic interactions
become fully dominant in the systems and the differ-
ence among the swelling ratios of the hydrogels tends
to be less significant.

The Equilibrium Swelling Ratio in pH Buffer
Solutions
The pH-responsive character of hydrogels was

Swalling ratio
8 8 & 8

—
(=]

(=]

GB000  G7505  G7010  G6515  G6020  G5030

Figure 8. The equilibrium swelling ratio in pH buffer solu-
tions.

investigated by.swelling in different buffer solutions
of 1.68, 3.56,4.01, 6.86 and 9.18 at room temperature
until the equilibrium was reached, as shown in Figure
8. It can be observed that the swelling ratios of the
hydrogels increase as the pH increases. Taken G7010
as an.example, in PBS (pH buffer solutions) 1.68,
3.56, 4.01, 6:86 and 9.18 its swelling ratios are 9.38,
11.05, 12.49, 14.51 and 24.7, respectively.

It is known that the carboxylic groups of itaconic
acid cannot ionize well and are protonated to form
COOH groups in acidic solutions below pK, values.
Thus, the hydrogen bonds between the carboxyl
groups (-COOH) in IA and the amide groups
(-CONH) in PNIPAAm can restrict the expansion of
the network. While under basic conditions, the car-
boxylic acid groups in IA transform into the ionized
form (COO-) and the resulting electrostatic repulsion
between the ionized groups causes the hydrogels to
swell [32]. From Figure 8, it can also be noticed that
the composition ratio of DMSO to H,O in the mixed-
solvent mixture used for formulation of hydrogels
also has had a significant effect on the pH-dependent
swelling ratios and the tendency is similar to that
exhibited in the distilled water below LCST. For
example, at pH 9.18, the swelling ratios of G8000,
G7505, G7010, G6515, G6020 and G5030 samples
are 32.3,24.2,24.7,27.3, 29.7 and 45.8, respectively.
This phenomenon can be related to different chain
conformation structures formed during the course of
network formation and purification treatment.

Finally, it is obvious that these swelling ratios in
pH buffer solutions are much smaller compared to the
values measured in deionized water which can be
attributed to the impact of osmotic pressure and
charge screening effect [33].



Deswelling Kinetics

The swelling ratio only demonstrates the equilibrium
swelling hydration state of responsive gels and from
point of view of practical applications, the tempera-
ture and pH response kinetics are more significant.
Thus, the deswelling experiments have been conduct-
ed in order to simulate the use of the hydrogels.

Figure 9a presents the shrinking kinetics of
P(NIPAAm-co-1A) hydrogel, after transferring equi-
librium swollen hydrogel samples at room tempera-
ture to distilled water at 60°C. It can be found that all
the samples need approximately 120 min to dehydrate
to equilibrium state and the difference among the gel
samples not being obvious. Usually, expanded net-
work structures of pure PNIPAAm hydrogels favour
faster deswelling due to existing large pores. Because,
during the initial deswelling, the conventional
PNIPAAm hydrogels always undergo phase separa-
tion and the surface area shrinks. A dense layer forms
on the surface and entraps water inside the hydrogel,
preventing heat and mass transfer from the aqueous
medium to the inner part of the hydrogel. However, in
the case of porous PNIPAAm hydrogels, it is possible
for the water molecules to rapidly transfer through the
macropores into the innermost matrix, even though
phase separation is being occurred on the ‘surface
which leads to a rapid deswelling.

However, the acceleration effect has not been
remarkable in our systems. This may-be ascribed to
the presence of the P(itaconic acid) linear chains
which is effective in facilitating-deswelling in dis-
tilled water. Presumably due to the ionized COO- the
hydrophilicity of the gell matrix..increased, which
made it difficult to form a skin layer. However, it is
worth noticing that the porous hydrogel is superior to
the non-porous hydrogel in the magnitude of its
water-loss during the deswelling processes. For exam-
ple, within the 2 h, the swelling ratio of G5030 drops
from 145.2 to 2.9, and the corresponding water-loss is
142.3, while those of G6020, G6515, G7010, G7505
and G8000 are 55.7, 41.8, 38.4, 35.7 and 61.8, respec-
tively. This feature is particularly beneficial in con-
trolled drug release applications because gels pre-
pared with larger DMSO content can release much
water or drugs. In other words, to achieve the same
amount of drug release, less gel would be needed.

The deswelling has been carried out further at
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Figure 9. Deswelling kinetics in distilled water or pH buffer
solution jumping from 25°C to 60°C: (a) distilled water and
(b) pH = 1.68.

1.68, as illustrated in Figure 9b. It is interesting to find
out that except G5030 which shrinks to equilibrium in
about 30 min, all the hydrogels show rather slow
deswelling rates. For instance, after 2 h, the swelling
ratios of G6020, G6515, G7010, G7505 and G8000
samples are still 26.1, 24.2, 23.2, 21.5 and 37.5,
respectively. It is regarded that, when the hydrogels
were transferred from distilled water into the pH=1.68
buffer solutions, the ionized carboxyl became proto-
nated and the hydrogen bonds between polymer
chains were generated and a complex was formed
which constrained the motion of the network [34].
Besides, the surface region has formed a thick and
dense layer which has greatly restricted the outward
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permeation of water from interior section of the
hydrogel [35]. However, porous hydrogel sample,
G5030 which has shown rapid deswelling suggests
that the water released from the hydrogel has rapidly
excluded through the pores networks, although P(ita-
conic acid) chains are un-dissociated under the con-
ditions.

Reswelling Kinetics

The reswelling kinetics of P(NIPAAm-co-IA) hydro-
gels in water at 25°C is shown in Figure 10 for six
hydrogels. From the curves, we may find out that the
water absorption initially rise abruptly and then begin
to level off and the reswelling rate is in the order of
G5030>G8000>G6020>G6515>G7010>G7505.

In the case of G5030 sample, the absorption of
water is faster than that of the conventional hydrogel
(G8000). For example, within 30 min, the swelling
ratio of G5030 has reached 99.4 and saturated equi-
librium has been attained within 1 h. This very rapid
reswelling kinetics could be attributed to its heteroge-
neous porous matrix structures. Generally, three steps
have been proposed to determine the swelling rate of
hydrophilic networks [36]:

1- The diffusion of water molecules into the/poly-
meric system.

2- The subsequent relaxation of hydrated polymer
chains.

3- The polymer network expansion into the aque-
ous solution.

Owing to the freeze-dried treatment before reswe-

(m) G5030
140 o (@) GB020
(&) GB515
(w) GT0D10
T («) 67505
(») GB000

Swelling ratios
g
L

o

T T T T T T T
0 20 40 60 80 100 120

Time (min)

Figure 10. The reswelling kinetics of P(NIPAAm-co-IA)
hydrogels.

lling, the porous structures, the relaxation
conformation, and expanded structures of the matrix-
escan be preserved to some extent.

All these factors have exerted some effects on the
reswelling kinetics cooperatively, and thus, G 5030
which has porous structures, relaxed polymer chains,
and expanded networks shows the fastest swelling
rates. By comparison, all the other mixed-solvents
hydrogels absorb water slower than a conventional
hydrogel, because their smooth surfaces, strict chains
conformations, and compressed structures make it
much harder for water molecules to transfer between
the hydrogel matrix-and the external aqueous phase.

CONCLUSION

In summary, a new series of pH and temperature dual
sensitive P(NIPAAm-co-IA) hydrogels have been
produced in water and DMSO mixed solvents above
zero and have been characterized in terms of swelling
degree and swelling-deswelling kinetics. The
swelling/deswelling behaviour and the respective
temperature and pH dependencies of the gels have
been found to be dependent on the water/DMSO
mole ratio. Only the hydrogels prepared with the
largest amount of DMSO exhibit higher swelling
ratios and improved response kinetics owing to the
extended chain conformations and the macroporous
network structures formed. While, the hydrogels pre-
pared with little amount of DMSO exhibit lower
swelling ratios and slower deswelling/reswelling
kinetics when compared with conventional
P(NIPAAm-co-IA) hydrogels. It is suggested that
there maybe energy barriers built up for the change of
polymer chains conformations. These findings may
provide some basis for directing the preparation of
hydrogels in mixed solvents.
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