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Abstract: The interpenetrating polymer network of fast temperature-responsive
hydrogels based on soy protein and poly(N-isopropylacrylamide) were success-
fully prepared using sodium bicarbonate (NaHCO,) solutions as the reaction
medium. The structure and properties of the hydrogels were characterized by
Fourier transform infrared spectroscopy, scanning electron microscopy, diffe-
rential scanning calorimetry and thermal gravimetric analysis. The swelling
and deswelling kinetics were also investigated in detail. The results showed
that the proposed hydrogels had a highly porous structure, good miscibility and
thermal stability, and a fast temperature response. The presence of NaHCO;5
had little effect on the volume phase transition temperature (VPTT) of the
hydrogels, and the VPTTs were at about 32 °C. Compared with the traditional
hydrogels, the proposed hydrogels had much faster swelling and deswelling
rates. The swelling mechanism of the hydrogels was non-Fickian diffusion.
These fast temperature-responsive hydrogels may have potential applicationsin
thefield of biomedical materials.
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INTRODUCTION

Stimuli-responsive hydrogels have attracted more and more attention in bio-
medical and pharmaceutical fields.! Increasing interest in a new class of mate-
rials based on blends of natural and synthetic polymers has been observed during
the last three decades, 24 as the blends have the advantages of both natural and
synthetic polymers. In recent years, natural polymers due to their renewability,
biodegradability and biocompatibility have attracted great interest in blending
with stimuli-responsive polymers for biomedical applications.2® An effective
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method to prepare these blends is the interpenetrating polymer network (IPN)
technology.57 Recently, poly(N-isopropylacrylamide) (PNIPAAM), a typical
temperature-responsive polymer with a volume phase transition temperature
(VPTT) around 32 °C, has been utilized to blend with some natural polymers
using IPN technology to develop new temperature-responsive hydrogels for bio-
medical utilization.8-11

It is noteworthy that natural proteins have also been the subject of significant
interest in the design of biomedical materials in recent years. Some animal pro-
teins, such as collagen, gelatin, casein, albumin and whey protein, have been
investigated for drug, nutrient, and bioactive peptide delivery.12 Soy protein, a
very important plant protein, was used to blend with other polymers for drug
delivery13,14 and wound dressing materials.1> However, plant proteins, particul-
arly soy protein, as new devices for drug delivery have not been fully investi-
gated.

It iswell known that the response rate of stimuli-responsive hydrogelsis one
of the most important parameters for evaluating their performance. Hydrogels
with a dow response rate may be limited in their applications. Therefore, various
strategies have been proposed to improve the response rate. These strategies
include the introduction of comb-type grafted chains,16:17 the fabrication of mic-
rogelsi8 or nanogels,19.20 and the formation of macroporous structures in hydro-
gel matrices using pore-forming agents,21.22 foaming agents?3.24 and phase sepa-
ration technologies.2>.26

In a previous work, the preparation and properties of soy protein/PNIPAAmM
IPN hydrogels were discussed.2’ In this work, a new strategy was developed to
obtain fast responsive soy protein/PNIPAAmM IPN hydrogels using phase sepa
ration and foaming agent technologies. The structure and properties of the pro-
posed hydrogels were studied by Fourier transform infrared spectroscopy (FTIR),
scanning electron microscopy (SEM), differential scanning calorimetry (DSC)
and therma gravimetric analysis (TGA), and their swelling and deswelling
kinetics were also investigated in detail.

EXPERIMENTAL
Materials

Soy protein isolate (SPI, protein content > 95 %) was kindly provided by Dupont Y un-
meng Protein Ltd., China. N-Isopropylacrylamide (NIPAAmM) was purchased from Tokyo
Chemical Industry Co. Ltd., Japan. Ammonium persulfate (APS) was obtained from Y ongda
Chemical Reagent Ltd., China. N,N'-Methylenebisacrylamide (BIS, a crosslinking agent for
NIPAAmM), glutaraldehyde (GA, a crosslinking agent for SPl) and sodium bicarbonate
(NaHCOg3) were supplied by Kermel Chemical Reagent Ltd., China. Tetramethylethylene-
diamine (TEMED) was purchased from Qianjin Chemical Reagent Ltd., China. All reagents
were of anaytical grade.
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Preparation of hydrogels

A certain amount of NaHCO3; was added into a mixture composed of NIPAAm (2.0 g),
SPI (0.4 g) and deionized water (15 mL) and dissolved completely. The mixture was bubbled
with nitrogen and then GA (0.2 mL), BIS (0.04 g), APS (0.02 g) and TEMED (20 pL) were
added in order. Finally, this mixture was injected immediately into poly(vinyl chloride) tubes
(6 mm diameter) to polymerize at 15 °C in alow temperature reactor for 24 h. The hydrogels
obtained were cut into pieces of 3 mm in length and put into 0.1 mol L-1 HCI solutions until
bubble formation ceased. Then, the hydrogels were taken out from HCl solutions and
immersed in deionized water for three days. The deionized water was refreshed every 4 h
during this period. The swollen hydrogels were dried at room temperature and further dried at
40 °C in a vacuum oven for three days. The sample code, PNSO, PNS1, PNS2 and PNS3
means that the amount of NaHCOj5 in the above mixture was 0.0, 0.2, 0.3 and 0.4 g, res-
pectively.
FTIR spectroscopy

The FTIR spectra (Equinox 55, Bruker, Germany) of the vacuum-dried samples were
recorded. Each sample was ground with KBr (ratio of sample to KBr 1:100) and compressed
into a pellet. The spectra were recorded in the transmission mode as an average of six scans at
aresolution of 0.2 cmrL,

Morphology investigation

The hydrogels swollen to equilibrium in deionized water at 25 °C were first frozen at <40
°C for 10 h, and then freeze-dried for 24 h using a SHKY LGJ18 freeze-dryer (China). Cross-
sections of the freeze-dried gels were sputter-coated with gold and the morphologies of the
coated gels were examined using an SEM (Quanta 400F, FEI, The Netherlands) operated at an
acceleration voltage of 20 kV.

Differential scanning calorimetry investigation

The glass transition temperatures (Tg) of the dried samples were determined by diffe-
rential scanning calorimetry (DSC 204, Netzsch, Germany). All samples were first heated
from room temperature to 120 °C at a rate of 20 °C min'l under a nitrogen atmosphere and
then cooled to room temperature. The samples were then reheated to 180 °C at 10 °C min'L,
The Ty of the samples was determined from the second cycle. The midpoint of the inflection
was taken asthe T,

Thermal gravimetric measurement

The thermal stability of the hydrogels was examined using a thermal gravimetric anal-
yzer (TG 209, Netzsch, Germany). All vacuum-dried samples were heated from room tempe-
rature to 700 °C under a nitrogen atmosphere at a heating rate of 10 °C minL.

Swelling kinetics measurements

Pre-weighed dried hydrogels were immersed in deionized water to swell. At regular time
intervals, the swelling hydrogels were taken out to weigh after removal of the surface water
through blotting with filter paper and then put back into the same vials. The swelling ratio
(SR) was calculated using the following equation:
M t— M d

d

R= %100 ()
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where My is the weight of a dried hydrogel and M is the weight of the swollen hydrogel at
timet.
Measurement of the deswelling kinetics
The swollen hydrogels at equilibrium in deionized water at 25 °C were weighed and then

immersed in deionized water at 37 °C to deswell. At regular time intervals, the hydrogels were
taken out to weigh and then put back into the same vials. The water retention (WR) was
defined as the deswelling ratio and was calcul ated using the following equation:
M —My

e Vid
where My is the weight of a dried hydrogel, M; is the weight of the swollen hydrogels at the
timet and M, is the weight of the swollen hydrogels at the equilibrium state at 25 °C.

RESULTSAND DISCUSSION
Preparation of hydrogels

According to the preparation strategy, fast temperature-responsive soy pro-
tein/PNIPAAmM IPN hydrogels were obtained through the following two steps.
First, the polymerization was performed in NaHCOg3 solutions. During the reac-
tion, the presence of NaHCOg led to phase separation and consequently made the
polymer chains curled, intertwisted together and finally agglomerated due to the
salt effect,28 which resulted in the formation of a heterogeneous porous struc-
ture.29 Second, after the polymerization, the NaHCO3 in the hydrogel network
was used as a foaming agent. When the hydrogels were removed, cut into pieces
and put into HCI solution, carbon dioxide gas was generated due to the reaction
between NaHCO3 and HCI, which was released from the hydrogel matrix, result-
ing in the formation of a highly porous structure. As aresult, the proposed hydro-
gels (PNSL, PNS2 and PNS3) with fast response rates were accordingly achieved.

WR= %100 ©

Sructure and morphology analysis

The FTIR spectra of PNSO (prepared in the absence of NaHCO3) and PNS2
are shown in Fig. 1, and the data of the characteristic absorption bands are listed
in Table I. The main characteristic absorption band of PNSO were found at 3434
and 3302 cm1, due to the stretching vibration of O-H and N—H groups, respec-
tively, and at 1649 and 1543 cm1, attributed to amide | (C=0 group) and amide
Il (N-H group), respectively. The spectrum of PNS2 was very similar with the
respective bands appearing at 3436, 3305, 1652 and 1543 cm1. This similarity
indicates that the NaHCO3 had been completely removed from the PNS2 hydro-
gel matrix. The presence of soy protein in the hydrogels was hard to evidence
because the characteristic absorption bands of soy protein and PNIPAAmM are
similar.

The morphological images of the cross-sections of the freeze-dried hydro-
gelsare shown in Fig. 2. It was found that the structures of the porous network of
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the hydrogels are influenced by the presence of NaHCOg3 in the reaction medium.
The conventional soy protein/PNIPAAmM IPN hydrogel (PNSQO) prepared in water
had alower porosity than that of the proposed hydrogels. These porous structures
were created during the freeze-drying step, when the ice crystals sublimate and
pores are left behind in the hydrogel matrices.30 Compared with PNSO, the poro-
sity of the proposed hydrogels increased with increasing content of NaHCOg in
the polymerization medium. These results indicate that the presence of NaHCO3
had an effect on the structures of the hydrogel network.
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Fig. 1. FTIR spectraof PNSO and PNS2.

TABLE |. Characteristic absorption bands of the samples

OH and NH bands, cmt Amide| band, cmt Amidel band, cm?
Sample
Vo-H WN-H Vc=0 ON-H T VoN
PNSO 3434 3302 1649 1543
PNS2 3436 3305 1652 1543
DSC analysis

The glass transition temperature, Ty, is one of the characteristic temperatures
for polymer blends. A single Tgq means that the blends are miscible. The DSC
thermograms of the hydrogels are shown in Fig. 3. All the samples had only a
single Tg, which indicates that the samples had good miscibility. The Tg of PNSD,
PNS1, PNS2 and PNS3 depicted in Fig. 3 were almost the same, which demon-
strates that content of NaHCOg3 had almost no effect on the Tq of the proposed
hydrogels.
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Fig. 3. DSC thermograms of dried hydrogels.
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Thermogravimetric analysis

Therma gravimetric analysis (TGA) is a useful technigue to study the
thermal stability of composite polymeric materials. The rate of weight loss of the
samples as a function of temperature is depicted in Fig. 4. It could be observed
that all samples underwent two decomposition stages. The first stage of weight
loss for the samples was observed at ca. 210 °C (4.65 % weight loss) due to the
decomposition of small molecules. In the second stage, the maximum weight loss
of the samples was observed. The maximum decomposition temperature of
PNSO, PNS1, PNS2 and PNS3 were 419.5 (95.63 % weight loss), 409.4 (88.93 %
weight loss), 410.1 (91.01 % weight loss) and 411.6 °C (91.06 % weight 10ss),
respectively. These results show that the hydrogels had good thermal stability for
biomaterial applications.
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Fig. 4. TGA thermograms of dried hydrogels.
Temperature responsivity

The temperature response of the samples was evaluated by measuring their
equilibrium swelling ratios, and the results are shown in Fig. 5. It could be seen
that the samples had similar equilibrium swelling ratios and almost the same
VPTT (around 32 °C). The equilibrium swelling ratios decreased with increasing
temperature. Hydrophobic groups (—CH(CH3)2) and hydrophilic groups
(-CONHR) existed in the hydrogels, which correspond to the hydrophobic and
hydrophilic regions, respectively. When the temperature was below the VPTT,
hydrogen-bonding interactions between the hydrophilic groups and water mole-
cules were dominant, resulting in high equilibrium swelling ratios, while when
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the temperature was above the VPTT, the hydrophobic interactions in the hydro-
gels become dominant and weakened the hydrophilic interactions, eventually
leading to hydrogel shrinkage and the equilibrium swelling ratio decrease mark-
edly. It is noteworthy that the presence of NaHCOs3 in the polymerization
medium had little effect on the VPTT of the hydrogels.
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Fig. 5. Equilibrium swelling ratios as a function of temperature.

Swelling kinetics

Pre-weighed dried hydrogels were immersed in deionized water at 25 °C to
swell, and the swelling ratios were measured to evaluate their swelling pro-
perties. The results are shown in Fig. 6. In the initial swelling stage, the hydro-
gels had a smilar swelling profile. However, as the swelling continued, the
swelling rates of PNS1, PNS2 and PNS3 were faster than that of the conventional
hydrogel (PNSO). Moreover, the swelling rate increased with increasing amount
of NaHCO3. PNS3 hydrogel reached equilibrium swelling first. Initially, the
much smaller distance between the polymer chainsin the dry hydrogels produced
strong interaction forces that prevented the water molecules from diffusing into
the hydrogel matrices, which resulted in low swelling rates and similar swelling
profiles. As the swelling continued, the polymer chains become stretchable and
the porous structures become the dominant factors, which enabled the water
molecules to permeate easily into matrices of the hydrogels and resulted in a fast
swelling rate. As a result, the higher the content of NaHCOg3 in the polymeri-
zation mixture, the higher was the achieved swelling rate. It was also found that
PNSO had a higher swelling ratio in the late stages of swelling than those of the
proposed hydrogels. As mentioned above, the proposed hydrogels obtained in
NaHCO3 solutions had more physical entanglements among the polymer chains
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due to the salt effect and consequently had a relatively low swelling ratio in the
late stages of swelling.
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Fig. 6. Swelling kinetics of hydrogelsin deionized water at 25 °C.

In order to investigate the swelling mechanism of the hydrogels, a simple
and effective method was employed to analyze the swelling data for MM, < 0.6,
that is;31-34

M¢ / M., = ktn (©)

where Mt and M, are the amount of water absorbed at time t and at equilibrium,
respectively; k is a characteristic constant and n is the characteristic exponent of
the mode. The exponent n was obtained from the slope of a plot of In (Mi/Mc)
versusint (Fig. 7), and the results are given in Table Il. The values of nin Table
Il indicate that the swelling mechanism of the hydrogels was non-Fickian
diffusion and the value of n increased with increasing amount of NaHCOs in the
polymerization mixture. Thus, the content of NaHCO3 influenced the swelling
kinetics of the hydrogels.

Deswelling kinetics

The hydrogels swollen to equilibrium in deionized water at 25 °C were
immersed in deionized water at 37 °C to deswell. The water retention was
measured to evaluate their deswelling properties, and the results are shown in
Fig. 8. It could be seen that the deswelling rates of the proposed hydrogels were
much faster than that of the conventional hydrogel (PNSO). The water retention
of PNS1, PNS2 and PNS3 after 30 min were 37.56, 27.70 and 25.72 %, respect-
ively, whereas it was 47.35 % after 300 min for PNSO. When a to equilibrium
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Fig. 7. Fitting of swelling kinetics for hydrogels in deionized water at 25 °C.

TABLE II. Diffusional exponents and deswelling constants for swelling and deswelling
kinetics

Equation (3) Equation (4)
sample n R? k/ min? R?
PNSO 0.68 0.99749 0.00274 0.97955
PNS1 0.73 0.99599 0.03164 0.98486
PNS2 0.76 0.99799 0.04196 0.96967
PNS3 0.83 0.99446 0.04527 0.97621

swollen hydrogel is transferred into higher temperature deionized water, the
temperature rises first on the hydrogel surface; hence, if the initial temperature
was below and the final temperature above the VPTT, the surface PNIPAAmM
molecules shrink first in the surface, which results in the formation of a dense
skin layer on the hydrogel surface. This skin layer can hinder the outward
permeation of water molecules from the hydrogel interior.35 As the shrink
continues, the water molecules inside the hydrogels continue to be extruded. As a
result, PNSO deswells slowly and some bubbles on its surface were observed
during the deswelling. In an earlier study,2’ hydrogels containing soy protein
were shown to have a higher deswelling rate than that of a PNIPAAmM hydrogel,
which indicates that soy protein on the hydrogel surface could reduce the density
of the skin layer, resulting in relatively high deswelling rates. In the present case,
the proposed hydrogels have highly porous structures on the surface and in the
interior of the hydrogels. The porous effect is greater than the soy protein effect
on the skin layer, and consequently the dense skin layer has little effect on PNS1,
PNS2 and PNS3. Therefore, PNS1, PNS2 and PNS3 had faster deswelling rates.
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To investigate the deswelling kinetics quantitatively, a semi-logarithmic plot
of afirst-order rate analysis was used to fit the time dependence of the deswelling
given by Eq. (4):36

Mt -Mq _
Me—Mg

where k is the deswelling constant and t is time. A larger k means a faster
deswelling process. The value of k obtained from the slope of the plot of In (M—
—Mg)/(MeMg)) versust (Fig. 9) are given in Table 1. As shown in Table I, the
value of k for PNS3 is 16 times greater than that for PNSO. Moreover, the value

In —kt (4)
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-+ Fig. 9. Deswdling rate
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of k increases with increasing mass of NaHCOg in the polymerization medium
(Fig. 10), which further confirms the analyses above.
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CONCLUSIONS

Fast temperature-responsive soy protein/PNIPAAmM IPN hydrogels were
successfully prepared using the phase separation and foaming agent technologies.
All the proposed hydrogels showed good miscibility and thermo-response, and
thermal stability. The hydrogels prepared in NaHCO3 solutions had a highly
porous structure and showed fast swelling and deswelling rates.
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ITOBUJAILE U CBOJCTBA TEMITEPATYPHO-OCET/BMBUX XUPOTEJIOBA HA BA3HU
[TPOTEUHA COJE/PNIPAAm IPN CA bP3UM OJJTOBOPOM

YONG LIU', YINGDE CUT?, GUOJIE WU* u MIAOCHAN LIAQ®
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Hnrepnenerpupajyhe nmonumepse mpesxe, IPN, TeMnepaTypHO OCET/bUBUX XHIPOTe0Ba
Ha 0a3u mporenHa coje u moau(N-u30nponuIakpruiIaMuia) YCIelHO Cy CHHTeTHCaHe y pac-
TBOpPY HaTpujym-xupporeHkapdonara (NaHCOg3). CTpykTypa M CBojcTBa CHHTeTHCaHUX IPN
XUIPOTesaoBa Cy OKapaKTepUCaHH MH(paUpPBEHOM CHEKTPOCKONMjOM, CKeHHpajyhom enex-
TPOHCKOM CIIEKTPOCKONHjOM, JU(EPEHLIHjaTHOM CKEHUPajyhoM KaJOpPUMETPHjOM U TEPMO-
IrpaBUMETPHjCKOM aHannu3oM. KrHeTwka mpoueca Oydpema M Jexunpartandje XUAPOTENOBa,
npaheHa npeko npomeHe creneHa dydpema, AETa/BHO je MprKa3aHa. Y pany je rmokasaHo fAa
CUHTETHCaHW XUIPOTeN0BH MOCeNyjy MOpPO3HY CTPYKTYpY, NOOpPY MELIJBUBOCT KOMIIOHEHTH
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NOTMMEpHe CMellle, TepMUYKY CTabWIIHOCT, Kao ¥ Op3 TemmnepatypHH ozarosop. IIpucycrso
noporeHa, NaHCOj3, y peakilMOHOj CMELIH He3HaTHO je yTUIIaa0 Ha TeMIIepaTypy 3alpeMHUH-
ckor nceyno-dasHor npenasa (VPTT) (oxo 32 °C). ¥ nopehewy ca KOHBEHLIMOHATHUM XUIPO-
resoBUMa, cuHTeTHCaHu IPN XumporesnioBu ca MOpPO3HUjOM CTPYKTYpOM Nokasyjy Behe Gp3une
Oybpema u mexupparauyje. IIpouec dydopema XUAporenosa ce MOXKe ONUCAaTH He-(QUKOBCKUM
3axoHOM ax(ysuje. CHHTETHCAHU XHUAPOTENIOBH ca OP3UM TEeMIIEPaTypHUM OJTOBOPOM MOTY
HahH MoTeHIHjaTHy TPUMeHY y 001acTi SHOMeIULIMHCKHAX MaTepHjasa.

(ITpumiseno 19. pedpyapa, pesuaupano 25. anpuna 2013)
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