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ABSTRACT: pH- and temperature-responsive interpenetrating polymer network (IPN) hydrogels based on soy protein and poly(N-iso-
propylacrylamide-co-sodium acrylate) were successfully prepared. The structure and properties of the hydrogels were characterized by
Fourier transform infrared spectroscopy, scanning electron microscopy, differential scanning calorimetry, and thermogravimetric ana-
lyzer. The equilibrium and dynamic swelling/deswelling behaviors and the drug release properties of the hydrogels responding to pH
and/or temperature were also studied in detail. The hydrogels have the porous honeycomb structures, good miscibility and thermal
stability, and good pH- and temperature-responsivity. The volume phase transition temperature of the hydrogels is ca. 40°C. Chang-
ing the soy protein or crosslinker content could be used to control the swelling behavior and water retention, and the hydrogels have
the fastest deswelling rate in pH 1.2 buffer solutions at 45°C. Bovine serum albumin release from the hydrogels has the good pH and
temperature dependence. The results show that the proposed IPN hydrogels may have potential applications in the field of biomedical

materials such as in drug delivery systems. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 39781.
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INTRODUCTION

Soy protein is an abundant, renewable, and inexpensive natural
protein, which is commonly used in food industry due to its
nutritional value, functional properties, availability, and low
cost. To date, some animal proteins, such as gelatin, collagen,
casein, albumin, and whey protein, have been widely studied for
delivering drugs, nutrients, bioactive peptides, and probiotic
organisms.' Although soy protein-based materials have attracted
more attention in adhesives,” nanofibers,” bioplastics,* films,’
drug delivery,®” tissue regeneration,® wound dressings,” etc., soy
protein and its composites as new devices for biomedical utili-
zation have not been fully investigated.

pH- and temperature-responsive hydrogels are extensively investi-
gated in the biomedical field because these two factors are impor-
tant inside the human body,'® and also can be easily controlled
and applied both in in vitro and in vivo conditions.'" In the
recent years, interests in a new class of hydrogels based on blends
of natural and synthetic polymers are increasing,'” especially in
the blends with the stimuli-responsive polymers,'® which is due
to the blends having the advantages of the good biocompatibility
and biodegradability from the natural polymers and the good
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mechanical properties and stimuli-responsivity from the synthetic
polymers. To prepare these blends, an effective method is the
interpenetrating polymer network (IPN) technology,'*'> which
can enhance their properties compared with conventional proc-
essing techniques.

Poly(N-isopropylacrylamide) (PNIPAAm) is a well-known tem-
perature-responsive polymer with a volume phase transition
temperature (VPTT) of ~32°C in aqueous solution,'® whereas
poly(acrylic acid) (PAA) is a typical pH-responsive polymer.'”
Both the polymers have been widely studied in biomedical field
because of their responses to external stimuli.'® Recently,
increasing interests in designing the blends based on the natural
polymers and PNIPAAm/PAA have been observed.'®*® PNI-
PAAm/PAA has been used to blend with some natural polymers
such as cellulose,”"** k-carrageenan,” chitosan,”**> xanthan,**?’
alginate,”® guar gum,”*° and gelatin®" for the biomedical utili-
zation, because these blends have good biocompatibility and
biodegradability, and good stimuli-responsivity.

In this work, pH- and temperature-responsive IPN hydrogels
based on soy protein and poly(N-isopropylacrylamide-co-sodium
acrylate) were prepared. The hydrogels’ properties, such as
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Table I. Feed Compositions and Sample Codes of Hydrogels
Sample SPI (g) GA (mL) NIPAAM (g) AA (g) BIS (g) APS (g) TEMED (uL)
IPNO 0.0 0.0 2.0 0.1 0.03 0.02 20
IPN1 0.4 0.2 2.0 0.1 0.03 0.02 20
IPN2 0.6 0.3 2.0 0.1 0.03 0.02 20
IPN3 0.4 0.2 2.0 0.1 0.04 0.02 20

network structures, miscibility, pH- and temperature-responsivity,
were investigated. The swelling/deswelling kinetics and the drug
release behaviors of the proposed hydrogels were also studied in
detail.

EXPERIMENTAL

Materials

Soy protein isolate (SPI, Dupont Yunmeng Protein Company),
N-isopropylacrylamide (NIPAAm, Tokyo Chemical Industry
Company), acrylic acid (AA, Yongda Chemical Reagent Com-
pany), ammonium persulfate (APS, Yongda Chemical Reagent
Company), N,N'-methylenebisacrylamide (BIS, Yongda Chemi-
cal Reagent Company), glutaraldehyde (GA, Kermel Chemical
Reagent Company), and tetramethylethylenediamine (TEMED,
Qianjin Chemical Reagent Company) were used as received.
Bovine serum albumin (BSA, model drug) was purchased from
Shanghai Sinopharm Chemical Reagent (Shanghai, China).
Other reagents were analytical grade and used as received.

Preparation of Hydrogels

An amount of AA in a beaker was neutralized using 3.0M NaOH
solutions and was adjusted to pH 11 by 0.1M NaOH solutions.
The volume of the solutions was adjusted to 15 mL by adding
deionized water. Then, NIPAAm and SPI were added into the
solutions to dissolve and mix with continuously stirring. With
nitrogen bubbling, GA, BIS, APS, and TEMED were added into
the mixture. Finally, this mixture was injected immediately into
PVC tubes (6 mm in diameter) to polymerize at 15°C in a low-
temperature reactor for 24 h. The hydrogels obtained were cut
into pieces of 3 mm in length and immersed in deionized water
for 3 days to remove any unreacted residual reagents. The deion-
ized water was refreshed every 4 h during this period. The swol-
len hydrogels were dried at room temperature and further dried
to constant weight at 40°C in a vacuum oven. The feed composi-
tions and sample codes are given in Table L.

FTIR Spectroscopy

Each dried sample ground with KBr was compressed into a tab-
let, and then was recorded the spectrum by a FTIR spectroscopy
(Equinox 55, Bruker, Germany) with an average of 6 scans at a
resolution of 0.2 cm™ .

Glass Transition Temperature

The glass transition temperatures (T,) of the dried samples were
determined by a differential scanning calorimetry (DSC 204,
Netzsch, Germany). First, all samples were heated from room
temperature to 120°C at 20°C min~ ' under a nitrogen atmos-
phere and then were cooled to room temperature. The samples
were then reheated to 180°C at 10°C min ™. T, of the samples
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was determined from the second cycle. The midpoint of the
inflection was taken as T.

Volume Phase Transition Temperature of Hydrogels

VPTT of the hydrogels was determined by DSC. First, the sam-
ple was swollen to equilibrium in deionized water at 25°C, and
then about 10 mg of equilibrium swollen sample was placed
into a hermetic aluminum pan and sealed tightly with a her-
metic aluminum lid. The sample was heated from 20 to 55°C at
2°C min~' under a nitrogen atmosphere. The onset point of
the endothermic peak was taken as the VPTT.

Morphology

The samples swollen to equilibrium in deionized water were first
frozen at —40°C for 10 h, and then freeze-dried for 24 h by a
freeze dryer (LGJ-18, SHKY, China). The cross sections of the
freeze-dried samples were sputter-coated with gold, and the mor-
phology of the coated samples was examined using SEM (Quanta
400F, FEIL, The Netherlands) with an acceleration voltage of 20 kV.

Thermogravimetry

The thermal stability of the samples was examined by a ther-
mogravimetric analyzer (TG 209, Netzsch, Germany). All dried
samples were heated from room temperature to 700°C under a

nitrogen atmosphere at a heating rate of 10°C min™".

Swelling Ratio of Hydrogels

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

Swelling ratio = (M, — M) /M,

where M, is the weight of dried hydrogels and M, is the weight
of swollen hydrogels at time t.

Deswelling Kinetics of Hydrogels

The swollen equilibrium hydrogels in deionized water at 25°C
(or in pH 7.4 buffer solutions at 25°C) were weighed and then
immersed in deionized water at 45°C (or in pH 1.2 buffer solu-
tions at 25 or 45°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 was defined as the deswelling
ratio and was calculated by the following equation:

Water retention = (M, —My)/(M,— M)

where M, is the weight of dried hydrogels, M, is the weight of
swollen hydrogels at the time #, and M, is the weight of swollen
hydrogels at the equilibrium state.
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Figure 1. FTIR spectra of IPNO (a) and IPN1 (b).

Drug Loading and Release of Hydrogels

BSA loading and release were according to the previous work.'
Briefly, the blank hydrogels were immersed into the BSA aque-
ous solution (30 mg/mL) for 3 days at 4°C, and the BSA-
loaded hydrogels were obtained by drying in a vacuum oven at
40°C to a constant weight. The BSA-loaded hydrogels were
immersed in conical vials containing 30 mL of buffer solutions
at various temperatures. The vials were closed and incubated
in a thermostatic shaker (HY60, HCBioTch, China) with a
speed of 60 rpm. At given time intervals, 3 mL of the solution
was taken out to measure the amount of BSA release by a
UV-vis spectrophotometer (760CRT, Lengguang, China) at
280 nm, and then put back into the same vial. The released
concentration was obtained from the calibration curve. The
cumulative release of BSA was calculated by the following
equation:

Cumulative release of BSA (%) = (W; X 100)/ W

where W, is the cumulative amount of BSA released at the time
t and W is the initial amount of BSA loaded.

RESULTS AND DISCUSSION

Preparation of IPN Hydrogels

The natural polymers are usually biocompatible and biodegrad-
able, whereas the synthetic polymers have good mechanical
properties and thermal stability. According to the concept of
biomimicry, bioartificial blends based on the natural polymers
and the synthetic polymers have both the advantages of the nat-
ural and synthetic polymers for biomedical applications. In our
previous work,' soy protein/PNIPAAm IPN hydrogels were
investigated and their VPTTs were about 32°C. Human body
temperature is around 37°C, especially when lesions occur in
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human body, such as influenza and tumors, the temperature is
higher than 37°C,%* and consequently, the hydrogels with the
higher VPTT could expand their applications in the biomedical
field. The IPN hydrogels based on soy protein and poly(N-iso-
propylacrylamide-co-sodium acrylate) were prepared using the
simultaneous IPN method with GA crosslinking soy protein
and BIS crosslinking NIPAAm and AA. Addition of AA in the
feed not only can improve VPTT but endow pH responsivity of
the hydrogels, while introduction of soy protein can endow the
hydrogels with good biocompatibility and biodegradability.*®
Therefore, the proposed hydrogels have the advantages of bio-
compatibility, pH, and temperature responsivity for biomedical
utilizations.

Structure and Morphology Analysis

The FTIR spectra of IPNO and IPN1 are shown in Figure 1 and
the data of their characteristic absorption bands are listed in
Table II. In comparison with IPNO, no new characteristic
absorption bands appear in IPN1, only some characteristic
absorption bands shift to low wavenumber. The characteristic
absorption band of vy—g shifts from 3315 (IPNO) to 3308
cm~ ! (IPN1), whereas that of ve—g shifts from 1656 (IPNO) to
1652 c¢cm~ ' (IPN1). These characteristic absorption bands
shifted to low wavenumber indicate that the presence of inter-
molecular hydrogen bonds among the polymeric molecular
chains of soy protein, PNIPAAm, and sodium polyacrylate. Sim-
ilar results were also reported by our previous research' and
other researches.”’

The morphological images of the cross sections of the freeze-
dried hydrogels are shown in Figure 2. It is found that all the
hydrogels show a porous honeycomb structure, which is created
with the formed ice crystals serving as pore-forming agents
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Table II. Characteristic Absorption Bands of Hydrogels

Hydroxyl band

om1) Amide | Amide |l

cm band (cm™%)  band (cm™?)
Hydrogels VO—H VN—H Vc=0 ON—H T Ve—N
IPNO 3437 3315 1656 1544

IPN1 3329 3308 1652 1543

during the freezing step. The pore size of the hydrogels
decreases in accordance with the increase of SPI content, while
the thickness of the pore wall increases. The similar trend is
also observed with the increase of BIS content. Therefore, vary-
ing SPI or BIS content can control different pore morphologies
of the hydrogels, which can influence the diffusion of water and
the swelling ratio of the hydrogels.

Differential Scanning Calorimetry Analysis

The DSC thermograms of the hydrogels are shown in Figure 3.
All the hydrogels have only one single T, which suggests that
the proposed hydrogels have good miscibility. As seen from Fig-
ure 3, T, gradually moves to higher temperature with increasing
SPI or BIS content. It is reported that the value of T, can be
influenced by the formation of the hydrogen bonds in the
hydrogels.’®* Therefore, the more SPI or BIS content,
the stronger the hydrogen bonds in the blends, leading to the
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Figure 3. DSC thermograms of dried hydrogels.

higher T,. These results show that addition of SPI may improve
the miscibility of the hydrogels.

DSC is a suitable method for detecting the VPTT of hydrogels
according to the hydrophilic/hydrophobic phase transition. DSC
thermograms of the swollen hydrogels are shown in Figure 4, in
which the VPTTs of IPNO, IPNI, IPN2, and IPN3 are 38.9,
39.9, 40.1, and 40.5°C, respectively. The VPTT behavior is
caused by the hydrophilic/hydrophobic balance in the hydrogel

), IPN1 (b), IPN2 (c), and IPN3 (d).
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Figure 4. DSC thermograms of swollen hydrogels.

network, which can be affected by the hydrogen bonds," result-
ing in different VPTT. The results also show that the VPTTs of
the hydrogels are slightly influenced by the SPI and BIS content,
and the VPTTs of the hydrogels are higher than that of PNI-
PAAm (about 32°C).

Thermogravimetric Analysis

The TGA thermograms of the hydrogels are depicted in Figure 5.
As shown in Figure 5, all the samples have two weight loss stages.
The first stage, the weight loss temperature is ca. 200°C and the
weight loss ratio is ca. 5.43%, which is a consequence of acid
anhydride formation and with the loss of water in the sam-
ples.’>*® The second stage, the maximum weight loss temperature
of IPNO, IPNI1, IPN2, and IPN3 is 380.8, 390.4, 392.1, and
395.9°C, respectively, which is due to the polymer backbone
decomposition. These results also show that increasing SPI or
BIS content can increase the weight loss temperature due to the
more hydrogen bonds produced by SPI and polymers and the
more compact network structure caused by BIS.

pH and Temperature Responsivity
Equilibrium swelling ratio (ESR), namely, the swelling ratio of
the hydrogels in a swelling equilibrium state, is used to evaluate

100

Weight (%)

o 1|I‘)0 2“)0 | 3!‘)0 4;0 | 54;0 SI‘)I)I 7:)0 ! | !
340 350 360 370 380 390 400 410 420

Temperature (°C)

Figure 5. TGA thermograms of dried hydrogels.
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Equilibrium swelling ratio

pH

Figure 6. Equilibrium swelling ratios as a function of pH.

the responsivity. The ESRs of the hydrogels in different buffer
solutions (I=0.3M) at 25°C and in deionized water at various
temperatures are shown in Figures 6 and 7, respectively. As
shown in Figure 6, all the samples have good pH responsivity.
The ESRs are low in the pH range from 1.2 to 4.0, but high
when pH > 4.0. Soy protein has high glutamic acid (11.9%) and
aspartic acid (20.5%) contents and its isoelectric point is near
pH 4.5, and the pK, of PAA is ca. 4.8. Consequently, when
pH < 4.5, the carboxyl anion groups become carboxyl acid
groups by protonating and thus form hydrogen bonds with the
polar groups in the hydrogels, which results in the more com-
pact network structure and the lower ESR. As pH >4.8, the
charge repulsive forces among the carboxyl anion groups are
dominant, leading to the more expanding network structure
and the higher ESR. The results in Figure 7 show that the
hydrogels have good temperature responsivity and the VPTTs of
the hydrogels are ca. 40°C. The hydrogels exhibit the high ESR
as temperature below the VPTT, but low as temperature above
the VPTT. This is attributed to the hydrophobic groups
(—CH(CH3;),) and hydrophilic groups (—CONHR) in the
hydrogels, which corresponds to the hydrophobic and hydro-
philic regions, respectively. When temperature below the VPTT,

30
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Figure 7. Equilibrium swelling ratios as a function of temperature.
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Figure 8. Swelling kinetics of hydrogels in different buffer solutions at
25°C.

the hydrogen bond interactions between the hydrophilic groups
and water molecules are dominant, resulting in the higher ESR.
Therefore, the interactions between the hydrophobic groups and
water molecules are predominate with temperature above the
VPTT, leading to the lower ESR. Additionally, both Figures 6
and 7 show that the ESR decrease with increasing SPI or BIS
content. This is due to the more hydrogen bonds formed
among the polymers with an increase of SPI and the more tight
structure of the hydrogels with an increase of BIS, resulting in
interactions between polymer and polymer predominating over
the interactions between polymer and water, which leads to the
lower ESR.

Swelling Kinetics

The swelling ratios of the hydrogels in different buffer solutions
at 25°C and in deionized water at various temperatures are
shown in Figures 8 and 9, respectively, and their images of the
hydrogels at swelling equilibrium state are shown in Figure 10.
As seen from Figure 8, the swelling ratio increases drastically
from pH 1.2 to 9.2, and the swelling ratio is the lowest at pH
1.2, but the highest at pH 9.2. As the analyses above, the level
of the swelling ratio depends on the degree of protonation of
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Figure 9. Swelling kinetics of hydrogels in deionized water at 25°C.
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Figure 10. Images of hydrogels at swelling equilibrium state in buffer
solutions (a) and deionized water (b).

the carboxyl anion groups, and Figure 10(a) further confirms
this view. From Figure 9, the swelling ratio decreases with the
increase of SPI or BIS content. It is due to, as mentioned above,
the number of the formation of hydrogen bonds in the hydrogel
and the degree of the tightness of hydrogel networks. It is also
found that the swelling ratio of IPNO is more than other tree
hydrogels, which is caused by the more hydrogen bonds with
SPI adding and the tighter network structure with BIS increas-
ing. Figure 10(b) also confirms the results of Figure 9.

Deswelling Kinetics

The deswelling behaviors of IPN1 and IPNO are shown in Fig-
ure 11. The water retention of IPN1 in pH 1.2 buffer solutions
at 25°C (test 1), in deionized water at 45°C (test 3), and in pH
1.2 buffer solutions at 45°C (test 5) for a time of 720 min is
0.55, 0.66, and 0.31, respectively, whereas the water retention of
IPNO in pH 1.2 buffer solutions at 25°C (test 2), in deionized
water at 45°C (test 4), and in pH 1.2 buffer solutions at 45°C
(test 6) for a time of 720 min is 0.58, 0.68, and 0.35, respec-
tively. The results show that the water retention of IPNI is
lower than that of IPNO, due to the soy protein reduces the
density of the surface hydrophobic layer and enables water mol-
ecules to diffuse outward more easily. The water retention of
test 5 and test 6 is much lower than that of tests 1, 2, 3, and 4.
This is due to the coordination function of the protonation of
carboxyl anion groups in pH 1.2 buffer solutions and the inter-
actions between hydrophobic groups and water molecules at
45°C, causing the formation of more hydrogen bonds and the
fast shrinkage of hydrogels. Therefore, the water retention is the
lowest in pH 1.2 buffer solutions at 45°C.

To analyze the deswelling process quantitatively, a semi-logarithmic
plot as a first-order rate analysis is used to the time dependence of
the deswelling as: In ((M; — My)/(M,— M,)) = —kt, where k is the
deswelling constant and ¢ is time.*"** A greater k means a faster
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deswelling process. From the value of k obtained by the plot of In
((Mt_ Md)/(Me - Md)) againSt L, the ratio of ktest s to ktest 3 ktest 5
t0 Kiest 1> aNd Kt 1 10 Kiegr 3 15 6.90, 5.14, and 1.34, respectively,
and the ratio of k’[est 6 10 ktest 4 ktest 6 to ktest 2> and ktest 2 to ktest 4
is 6.35, 4.75, and 1.34, respectively. These results indicate that the
deswelling rate of test 5 is 6.90 and 5.14 times faster than those of
test 3 and test 1, respectively, and the deswelling rate of test 6 is
6.35 and 4.75 times faster than those of test 4 and test 2, respec-
tively. Moreover, it is interesting that the ratio of kies 5 t0 kiest 6
Kiest 3 10 Kiest 4> aNd Kiest 1 t0 kiese 2 18 1.20, 1.10, and 1.10, respec-
tively. These results indicate that the hydrogels in pH 1.2 buffer
solutions at 45°C have the fastest deswelling rate, and increasing
the amount of soy protein can improve the deswelling rate, which
indicates that the introduction of soy protein can improve the
response rate of the hydrogels.

Drug Release from Hydrogels

The release curves of BSA at different conditions are shown in
Figure 12. As seen in Figure 12, the BSA release rate from IPN1
in pH 7.4 buffer solutions at 37°C is faster than in pH 1.2
buffer solutions at 37°C, which indicates that the BSA release
has a good pH dependence, whereas the BSA release rate from
IPN1 in pH 7.4 buffer solutions at 37°C is lower than in pH
7.4 buffer solutions at 25°C, which indicates that the BSA
release has a good temperature dependence. In pH 1.2 buffer
solutions, the —COO— groups from soy protein and sodium
acrylate in the hydrogels are protonated as —COOH groups,
which results in the formation of hydrogen bonds and compact
structure in the hydrogels, leading to the low release rate; but in
pH 7.4 buffer solutions, the electrostatic repulsion between
—COO— groups is dominant, which makes the hydrogels have
expanding structure, causing fast release rate. At 25°C, the
hydration structures form and make the polymer chain relaxa-
tion," which results in the fast release rate; but at 37°C (near
VPTT), the hydrophobic effect becomes dominant and causes
the intertwining polymer chains and compact structure,' which
leads to the low release rate. It is also found that the release
rate of IPN1 is lower than that of IPNO in the same condition.
This is attributed to the intermolecular physical entanglements
and the effect of hydrogen bonds increasing in the hydrogel net-
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Figure 11. Water retention as a function of time in various conditions.
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Figure 12. Dynamic release behaviors of BSA from hydrogels.

work with adding soy protein to the feed, which results in the
low release rate of IPN1. These results indicate that the hydro-
gels have good pH and temperature dependence, and modulat-
ing the content of soy protein can control the BSA release rate
and release time.

CONCLUSIONS

In summary, pH- and temperature-responsive IPN hydrogels
composed of soy protein and poly(N-isopropylacrylamide-co-
sodium acrylate) were successfully prepared in the presence of
GA and BIS as the crosslinking agents and APS as the initiator.
The VPTTs of the hydrogels are ca. 40°C, and the hydrogels
have good pH- and temperature-responsivity, good miscibility,
and thermal stability. Increasing the content of SPI can decrease
the swelling rate but increase the deswelling rate. The BSA
release from the hydrogels has good pH and temperature
dependence. These hydrogels may be suitable for the controlled
release of drugs.
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