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ABSTRACT: pH- and temperature-responsive semi-interpenetrating nanocomposite hydrogels (NC hydrogels) were prepared with
surface-functionalized graphene oxide (GO) as the crosslinker, N-isopropylacrylamide (NIPAM) as the monomer, and chitosan (CS)
as an additive. The effects of 3-(trimethoxysilyl)propylmethacrylate-modified GO sheets and CS content on various physical proper-
ties were investigated. Results show that PNIPAM/CS/GO hydrogels undergo a large volumetric change in response to temperature.
Swelling ratios of PNIPAM/CS/GO hydrogels are much larger than those of the conventional organically crosslinked PNIPAM hydro-
gels. The deswelling test indicates that the deswelling rate was greatly enhanced by incorporating CS into the hydrogel network and
using the surface-functionalized GO as the crosslinker. The pH-sensitivity of PNIPAM/CS/GO hydrogels is evident below their volume
phase transition temperature. Moreover, the PNIPAM/CS/GO hydrogels have a much better mechanical property compared with tra-

ditional hydrogels even in a high water content of 90%. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41530.
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INTRODUCTION

Hydrogels, which are three-dimensional polymer networks, are
characterized by both hydrophilicity and insolubility in water
and are capable of absorbing large amounts of water. In recent
years, stimuli-sensitive hydrogel, a three-dimensional crosslinked
polymer network, which is able to change its volume and prop-
erties in response to environmental stimuli such as tempera-
ture,! pH,2 solvent composition,3 salt concentration,* light,5 and
magnetic field® have attracted great interests. Among all the
stimuli-sensitive hydrogels, a volume phase transition tempera-
ture (VPTT) of around 32°C makes poly(N-isopropylacryla-
mide) (PNIPAM) hydrogels particularly useful to prepare
“smart” materials.”® Based on this phenomenon, a number of
studies on PNIPAM and its copolymers were devoted to finding
potential applications in various biomedical fields such as con-
trolled drug delivery,”'® chemical separation,'"'”
immobilization,"? and artificial organ.'*

enzyme

A number of polysaccharides thus have been considered to be
combined with the thermo-responsive PNIPAM to form smart
hydrogels; and the one with the greatest potentiality is chitosan
(CS), which is generally obtained from the deacetylation of chi-
tin in a hot alkali solution. CS has been used in a variety of
biomedical fields such as drug delivery carrier, surgical thread,
and wound healing material.'>'® Furthermore, CS exhibits pH-
responsive behavior due to the protonation—deprotonation equi-
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librium of amino groups attached at the C2 position.'”'® There-
fore, CS can be used as a hydrophilic polymer and a pH-
responsive component to improve the swelling ratio of PNIPAM
hydrogel and obtain pH-/temperature-responsive hydrogels.

Graphene, a very recent rising star in material science, with an
atomically thin, 2D structure that consists of sp”-hybridized car-
bons, exhibits remarkable electronic,'” ' thermal,** and
mechanical properties.”>** Due to plenty of hydrophilic oxygen-
ated functional groups, graphene oxide (GO) can be easily exfo-
liated into monolayer sheets, which is stably dispersed in
water.”> The presence of oxygen-containing groups in graphene
oxide renders it strongly hydrophilic and water-soluble, and also
provides a handle for the chemical modification of graphene
using known carbon surface chemistry. Therefore, GO is an
important building block for synthesizing various functional

materials.?%?’

Usually, the PNIPAM hydrogels are prepared by free-radical
copolymerization of the monomer NIPAM and a chemical
organic crosslinker such as N,N’-methylenebisacrylamide
(BIS).?® However, their slow response rate and poor mechanical
properties greatly restrict their applications.”” Enormous efforts
have been made to develop a new material that could overcome
these disadvantages. For example, clay and modified GO were
used as the multifunctional crosslinker to prepared novel semi-
interpenetrating nanocomposite hydrogels in our previous
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Table I. The Feed Compositions of the Hydrogels

NIPAM CS GO BIS
Sample (9 (g) (@) (g)
PNIPAM/CS5/G02 1.000 0.050 0.020 0
PNIPAM/CS5/G0O4 1.000 0.050 0.040 0
PNIPAM/CS5/G0O6 1.000 0.050 0.060 0
PNIPAM/CS5/GO8 1.000 0.050 0.080 0
PNIPAM/CS5/G0O10 1.000 0.050 0.100 0
PNIPAM/CS10/GO4 1.000 0.100 0.040 0
PNIPAM/CS20/GO4 1.000 0.200 0.040 0
PNIPAM/GO4 1.000 0 0.040 0
PNIPAM/CS 1.000 0.050 0 0.020
PNIPAM 1.000 0 0 0.020

reports, and the as-prepared hydrogels exhibited significantly
large water uptake and enhanced mechanical properties com-
pared with the conventional hydrogels.*®*' And more recently, a
novel kind of double network hydrogel (DN hydrogel) based on
PNIPAM and polyacrylic acid (PAA) using BIS as the cross-
linker was prepared in our previous report.*” Despite the favor-
able mechanical strength of the hydrogels, however, the
crosslinking conditions may adversely affect the activity of the
entrapped bioactive molecules, due to the use of potentially
harmful crosslinking agents. Han and Yan prepared supramolec-
ular hydrogels of CS and GO, in which GO worked as the two-
dimensional crosslinker due to its multifunctional groups on
both sides, and the as-prepared hydrogels showed a self-healing
performance.®® Zhang et al. prepared GO-clay-PNIPAM hybrid
hydrogels, which exhibited a high mechanical strength and
extensibility.”* However, few reports dealt with hydrogels with
high mechanical properties at water content of more than 90%
which are required in the field of biomimic and biotissue engi-
neering. Furthermore, no study has been done to prepare PNI-
PAM/CS/GO pH- and temperature-responsive hydrogels with
GO sheets as the crosslinker.

Therefore, we successfully prepared a novel kind of PNIPAM/
CS/GO hydrogels based on PNIPAM and CS using surface-
functionalized GO as an effective multifunctional crosslinker
instead of using the conventional organic crosslinker. We found
that the NIPAM/CS/GO hydrogels exhibited extraordinary swel-
ling/deswelling behavior and enhanced mechanical properties.

EXPERIMENTAL

Materials

Natural graphite powder was bought from Qingdao Huatai lubri-
cant sealing S&T Co. NIPAM (98%), 3-(trimethoxysilyl)propyl-
methacrylate (TMSPMA, 97%), CS (weight-average molecular
weight = 100,000-300,000 and with a deacetylation of 80-95%),
potassium permanganate (KMnO,), sodium nitrate (NaNO3),
N,N,N',N -tetramethylethylenediamine (TEMED), ammonium
persulfate (APS), and BIS were purchased from Sigma-Aldrich.

Preparation and Modification of Graphene Oxide Sheets
GO was prepared from natural graphite powder by modified
Hummers method.”® The GO was obtained via a freeze drying
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procedure. The purified GO (200 mg) was redispersed into
deionized water (200 mL) and the mixture was sonicated for
1 h. Subsequently, TMSPMA (0.4 mL) was injected into the GO
solution with mechanical stirring at 25°C. The surface silaniza-
tion of GO sheets was allowed to proceed for 24 h. Surface
modified GO sheets were then collected and washed with deion-
ized water several times.

Preparation of PNIPAM/CS/GO Hydrogels

To prepare the PNIPAM/CS/GO hydrogels, the initial solution
consisting of monomer NIPAM (1 g), deionized water
(8.0 mL), and various ratios of GO sheets modified by
TMSPMA was stirred in an ice-water bath for 2 h. Then the
catalyst TEMED (20 L) and various ratios of CS (dissolved in
1.5 mL 0.2M acetic acid) were added with stirring. Finally, an
aqueous solution of the initiator APS (0.02 g in H,O 0.5 mL)
was added into the solution. The free radical polymerization
was carried out in a water bath at 20°C for 24 h. The hydrogels
crosslinked by GO sheets are expressed as PNIPAM/CSm/GOn
hydrogels. The number m and n represent the weight percent of
CS and GO sheets relative to the NIPAM monomer, respectively.
The conventional PNIPAM hydrogel crosslinked by BIS was also
prepared for comparison. Three or more hydrogels were pre-
pared for each sample formulation and analyzed in compressive
test, water uptake, and deswelling experiments to obtain the
standard deviation for each data point represented by error bars
in the presented figures. The as-prepared hydrogels were puri-
fied by immersing into excess deionized water for 48 h with
daily replacement of water to remove any water-soluble impur-
ities. Then, the purified hydrogels were freeze dried before char-
acterizations. The compositions of the PNIPAM/CS/GO
hydrogels are shown in Table L.

Measurements

Fourier-transform infrared spectroscopy (FTIR) spectra were
recorded on a NEXUS 670 spectrometer. X-ray diffraction
(XRD) patterns were obtained with Cu-Ka X-rays performed on
a D/max-yB X-ray diffractometer (40 kV, 30 mA) in a step of
0.02° s~ from 5° to 40°. Raman spectra of solid sample were
obtained by use of a SPEX/403. The morphology of the freeze
dried specimens was observed on a SUPERSCAN SSX-550 scan-
ning electron microscope (SEM) at 20 kV after sputter coating
with gold under vacuum. Several positions of the samples were
imaged. The VPTT measurements of the wet samples were car-
ried out on a TAQ100 differential scanning calorimeter (DSC)
under a nitrogen atmosphere with a heating rate of 3°C min ™'
from 25 to 35°C. Thermogravimetric (TG) analyses were con-
ducted with Netzsch TG 209F1, heating sample from ambient
temperature to 700°C with a heating rate of 20°C min~' in a
nitrogen atmosphere.

The mechanical properties of the cylindrical hydrogels were
tested using a CMT 4204. For the compression tests, the hydro-
gel samples (column, with a diameter of 18 mm and height of
15 mm) with the same water content of 90% were placed
between the self-leveling plates. Since the hydrogels are soft
materials, all the samples were compressed at a rate of 3 mm
min~" until the compression ratio reached 80%.
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Scheme 1. The synthetic procedure of pH- and temperature-responsive hydrogels.

The swelling ratios of hydrogel samples were measured in the
temperature range from 20 to 50°C or in a pH range from 1.2
to 9.0 by using a gravimetric method. The dried hydrogels were
immersed in distilled water until their weight became constant.
The hydrogels were then removed from the water and their
surfaces were blotted with filter paper before being weighed.
The swelling ratio was calculated with the following equation:

Swelling ratio=(W,—W;)/W,, (1)

where W; is the weight of the swollen hydrogel and W is the
weight of the dry hydrogel.

The deswelling behavior of the hydrogel was studied by record-
ing the weight of water in the hydrogels. Water retention was
calculated as
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Figure 1. FTIR of (a) GO, (b) TMSPMA, (c) TMSPMA-modified GO
sheets, (d) CS, (e) PNIPAM, and (f) the PNIPAM/CS5/GO4 hydrogel.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Water retention=(W,—W,)/(W;—W,), (2)

where W, is the weight of the hydrogel at a given time interval
during the course of deswelling after the swollen hydrogel at
25°C had been quickly transferred into hot water at 45°C.

RESULTS AND DISCUSSION

Scheme 1 depicts the formation process of the PNIPAM/CS/GO
hydrogels. The hydrogels were formed by in situ free-radical
polymerization, in which the PNIPAM chains were crosslinked
with multifunctional modified GO through covalent bond. The
TMSPMA-modified GO sheets are like chemical crosslinkers
with multiple function groups, leading to the successful forma-
tion of hydrogels.

PNIPAM/CS5/GO10
VPTT=29.0C
PNIPAM/CS5/GO8
VPTT=29.4 C
PNIPAM/CS5/GO6
R VPTT=29.5 C
= PNIPAMICS5/GO4
g [T VPTT=207C
= PNIPAM/CS5/GO2 —
: _ VPTT=30.1 C
PNIPAM/CS
———— VPTT#327T
| .
25 35

30
Temperature (C)

Figure 2. DSC thermograms of PNIPAM/CS and PNIPAM/CS/GO hydro-
gels. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]
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Figure 3. SEM images of freeze dried hydrogel of (a) PNIPAM, (b) PNIPAM/CS, (c) PNIPAM /CS5/GO2, and (d) PNIPAM/CS5/GO4.

FTIR Spectra Analysis

FTIR spectra of pure GO, pure TMSPMA, TMSPMA-modified
GO sheets, CS, PNIPAM, and PNIPAM/CS5/GO4 hydrogel are
shown in Figure 1. As shown in Figure 1, the characteristic
vibrations of GO [Figure 1(a)] are the broad and intense peak
of O—H groups centered at 3411 cm ™', strong C=0 peak at
1657 cm™ ', the O—H deformation peak at 1396 cm™ ', and the
C—O stretching peak at 1053 cm™'.>° In the spectrum of
TMSPMA-modified GO sheets [Figure 1(b)], there are many
new peaks, most of which are the characteristic absorption
peaks of TMSPMA. For instance, bands at 2955 cm™' and
2893 cm™ ' are linked to the stretching vibrations of —CH,
groups, a strong band at 1723 cm ™' is ascribed to stretching
vibration of the —CO— groups and a band at 1047 cm™' is
related to the stretching vibration of Si—O groups. The band at
1635 ¢cm™', which is related to the vinyl groups of the
TMSPMA units on the sheets, demonstrates that the carbon—
carbon double bonds (C=C) have been successfully introduced
onto the surface of the GO sheets. The absorption peaks at 818
and 1081 cm~' was not found, which indicates that the
methoxysilyl groups (Si—O—CHs;) have been decomposed.”” In
conclusion, the FTIR results demonstrate that TMSPMA was
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successfully grafted onto the GO sheets. From the spectrum of
PNIPAM [Figure 1(e)], there is a stretching vibration (amide I)
at 1654 cm~ !, N—H bending vibration (amide II) at
1544 cm™ ' and two typical peaks of C—H vibrations of
—CH(CHj3),. For the spectrum of PNIPAM/CS5/GO4 [Figure
1(f)], there are many new peaks, most of which are the charac-
teristic absorption peaks of CS. For example, the peaks at
3395 cm™ ' correspond to the N—H stretching vibration, and
the absorption peaks at 1016 and 1167 cm™ ' are attributed to
the primary alcoholic group of Cc—OH and the secondary alco-
holic group of Cs;—OH. The peak at 1657 cm™ ' is assigned to
the carbonyl stretching vibration of the acetylated amino
group.®® This is solid evidence that chitosan can stably exist in
the hydrogel network during the purification process. Therefore,
it can be concluded that all the components used to form the
semi-IPN hydrogels are present.

VPTT of the Hydrogels

The DSC thermograms of PNIPAM/CS and PNIPAM/CS/GO
hydrogels are shown in Figure 2. The temperature at the onset
point of the DSC endotherm is referred to the VPTT of the
hydrogels.”® At the VPTT, the water in the hydrogels will be

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41530
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Figure 4. TGA curves of (a) GO sheets, (b) TMSPMA-modified GO
sheets, (c) PNIPAM/CS5/GO4, and (d) PNIPAM/CS hydrogels. [Color fig-
ure can be viewed in the online issue, which is available at wileyonlineli-
brary.com.]

separated from the network, which leads to a smaller heat
capacity. As shown in Figure 2, while no significant deviation
was observed from the VPTT of the PNIPAM hydrogel in the
PNIPAM/CS, a significant deviation was observed when GO
content is increased among the PNIPAM/CS/GO hydrogels. This
is agreed with the findings of many literatures.’®>> This result
indicates that while the introduction of CS into the PNIPAM
network did not change the VPTT of the hydrogels, the incor-
poration of GO have a significant effect on the VPTT of the
hydrogels. This may be explained that, on one hand, the inter-
action of the CS chain and the PNIPAM network gave a rela-
tively independent polymer system, in which each retained its
own properties, on the other hand the decrease of VPTT of the
hydrogels is attributed to the hydrophilic-hydrophobic proper-
ties of the modified GO in the composite hydrogel. It is well
known that PNIPAM hydrogels contain both hydrophilic
—CONH— and hydrophobic —CH(CH3), groups, and the tem-
perature sensitivity of PNIPAM hydrogels arises from abrupt
alterations in the hydrophilic/hydrophobic properties of these
side groups at different temperatures.” Therefore, the VPTT of
PNIPAM-based hydrogels is decreased by the incorporation of
hydrophobic comonomers or increased with hydrophilic como-
nomers.**™** The mechanism for the lower critical solution tem-
perature (LCST) that of
nanocomposite hydrogels reported previously, and is due to the
hydrophobic nature of the incorporated materials (e.g.,
TMSPMA-modified GO).*>*¢ This decrease in the VPTT dem-
onstrates the hydrophobic nature of the GO after modified by
TMSPMA. Moreover, the outstanding thermal conduction of
GO is beneficial to our temperature responsive hydrogel as faster
heat conduction may facilitate faster response from the hydrogel.
For example, an IR-light-responsive glycidyl methacrylate func-
tionalized graphene-oxide (GO-GMA) incorporated hydrogel
nanocomposite that undergoes significant volumetric change
when irradiated by IR light has been reported by Lo.*’ In that
report, it was fully illustrated that the superior thermal conduc-
tivity of GO can facilitate faster response from the hydrogel.

decrease here is similar to
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Morphological Studies

The morphological characteristics of hydrogels after exposure to
solutions and subsequent freeze drying have been examined by
SEM. Figure 3 shows the SEM images of the internal structure
of PNIPAM [Figure 3(a)], PNIPAM/CS [Figure 3(b)], PNIPAM/
CS5/GO2 [Figure 3(c)], and PNIPAM/CS5/GO4 [Figure 3(d)]
hydrogels. Compared to PNIPAM hydrogel, PNIPAM/CS hydro-
gel exhibited the largest pore size ranging from 7 to 13 um. In
another word, a highly expanded network, which is beneficial to
the swelling/shrinking process of hydrogel, can be generated by
incorporating CS into the hydrogels network. This is critical to
the swelling/shrinking process of hydrogels. Jin et al. have found
that the swelling mechanism of the gels is determined by the
microstructure related to the pore size and the thickness of
struts.*® Moreover, according to the SEM images, a natural con-
clusion can be easily drawn that the TMSPMA-modified GO
sheets indeed behaved as a crosslinker. The TMSPMA-modified
GO sheets are like chemical crosslinkers with multiple function
groups, leading to the successful formation of hydrogels. Fur-
thermore, it can be clearly seen that the PNIPAM/CS5/GO4 [Fig-
ure 3(c)] hydrogel appeared to have more compact porous
structures compared with PNIPAM/CS5/GO2 [Figure 3(d)]
hydrogel. It is because that the crosslinking density of the hydro-
gels increased with the increasing of GO content, resulting in the
decrease in the pore size. As a result, the water molecules are
hard to diffuse out when the temperature is above the hydrogel’s
VPTT. So, it can be concluded that the swelling ratio decreased
with an increasing content of TMSPMA-modified GO sheets.

Thermogravimetric Analysis

The formation of surface-functionalized GO can also be con-
firmed by the TGA. As illustrated in Figure 4, GO was thermally
unstable and more than 25% of its weight loss took place even
below 200°C, which was due to the decomposition of the labile
oxygen containing functional groups.* However, TMSPMA-
modified GO, of which the labile groups had been removed via
covalent attachment of GO with TMSPMA, was much more
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Figure 5. XRD patterns of (a) GO, (b) PNIPAM/CS5/GO2, and (c) PNI-
PAM/CS5/GO10 hydrogels. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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observed for the PNIPAM/CS5/GO2 [Figure 5(b)] and PNI-
PAM/CS5/GO10 [Figure 5(c)] hydrogels, the GO sheets [Figure
5(a)] showed a diffraction peak at 20 = 11.2, corresponding to
an interlayer spacing of 0.79 nm. Therefore, it can be concluded
that GO sheets were uniformly dispersed in PNIPAM/CS/GO

Mechanical Properties

The compressive strength of PNIPAM/CS hydrogel and PNI-
PAM/CS5/GO hydrogels with different surface-functionalized
GO content is shown in Figure 6. As shown in Figure 6, while
the PNIPAM/CS hydrogel exhibits a poor compressive strength
(only 0.07 MPa), the compressive strength of PNIPAM/CS5/
GO hydrogels has been dramatically improved. For instance,
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Figure 6. Compressive strength of PNIPAM/CS and PNIPAM/CS/GO
hydrogels with different amounts of surface-functionalized GO.

thermally stable. It only showed less than 15% weight loss below
400°C. Then a major weight loss in the range from 400 to
550°C followed, as a result of decomposition of TMSPMA on
the graphene sheet. Eventually, there was a very slow weight-loss
process of TMSPMA-modified GO, from 550 to 900°C, which
was assigned to the partial decomposition of the graphene
sheets itself. Moreover, the amount of grafted TMSPMA was
determined by TGA to be about 30 wt %, as shown in Figure 4.
Compared to the feeding amount, only part of TMSPMA was
successfully grafted onto the surface of the GO sheets. One
thing to be noted here is that only the grafted TMSPMA could
be preserved after purification. The C=C bonds of the grafted
TMSPMA on the GO sheets can participate in the free radical
polymerization. The PNIPAM/CS/GO hydrogels crosslinked
with GO sheets were thus obtained. Moreover, it was observed
that the PNIPAM/CS/GO hydrogels showed a higher thermal
stability compared with the PNIPAM/CS hydrogel.

XRD Studies
As shown in Figure 5, it can be clearly seen that while almost
no distinct diffraction peak at around for 20=11.2 was
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the compressive strength of PNIPAM/CS5/GO6 hydrogel with
6 wt % of GO achieved at about 0.96 MPa, increased by about
1271% compared to the PNIPAM/CS hydrogel. Moreover, it
was observed that the mechanical properties of PNIPAM/CS/
GO hydrogels strongly depend on the contents of GO. The
mechanical properties of PNIPAM/CS/GO hydrogels increased
by increasing the contents of GO. This can be well explained
by the large average inter-crosslinked distances in the PNI-
PAM/CS/GO hydrogel networks. The PNIPAM chains in the
swollen state could be regarded as flexible polymer chains just
like those in the rubbery state and thus the large deformation
could be realized. Despite the high water content, the mechan-
ical properties of the hydrogel were superior to many other
reports. For instance, Fei et al. prepared a double-network
(DN) hydrogels which achieved a compressive strength of 148
kPa,”® which is far less than the strength of the PNIPAM/CS5/
GO10 hydrogel with a water content of 90% in this study (Fig-
ure 6). It was fully illustrated by previous studies that the
mechanical properties of the nanocomposite hydrogels became
better with increasing GO content of the hydrogels.’*??
Through surface modification, GO can be well easily dispersed
in water and can form a stable aqueous dispersion even with a
high content of 10 wt %, therefore, we successfully increased
the GO content in the PNIPAM hydrogels, as a consequence,
the mechanical properties of these hydrogels were enhanced
further.
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Figure 7. Swelling ratios of PNIPAM/CS/GO and PNIPAM/CS hydrogels as a function of temperature at pH 3.2 (a) and 9.2 (b). [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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which is available at wileyonlinelibrary.com.]

Temperature Dependence of the Hydrogels

The swelling ratios of PNIPAM/CS/GO hydrogels were investi-
gated as a function of temperature at pH 3.2 [Figure 7(a)] and
9.2 [Figure 7(b)], as shown in Figure 7. It can be clearly seen
that the introduction of GO sheets can dramatically increase the
swelling ratio below VPTT. For example, in our previous report,
the swelling ratio of PNIPAM/AA/GO DN hydrogels below
VPTT is less than 25,7 while for PNIPAM/CS/GO semi-IPN
hydrogels, the swelling ratio is over 30, even reach 58 for the
PNIPAM/CS5/GO2 at 20°C. In general, an abrupt decrease of
the swelling ratios can be observed around VPTT for the sam-
ples, which is ascribed to the coil-globular transition of PNI-
PAM. The VPTT of the PNIPAM/CS/GO hydrogels are lowered
by ~3°C and the volume collapses more gradually within a
broader temperature range compared with the conventional
PNIPAM hydrogel. The possible reason is that the incorporated
TMSPMA-modified GO sheets within the networks produce a
less dense hydrogel network than the conventional PNIPAM/CS
hydrogel and thus there is extra volume in the precipitating
water uptake. This interesting phenomenon may be due to
many immobile water molecules interacting with the GO struc-

= PNIPAM/CS5/G02

e
| +’0 ——
@ PNIPAM/CS5/GO4

60 - A~ PNIPAM/CS5/GO6
¥ PNIPAM/CS5/GO8
< PNIPAM/CSS/GO1
T > PNIPAM/CS

40 I" > @ PNIPAM

! i |
5 Y
M S ;

100

80

;"f *- 47}7 "~

Water Retention (%)
v

.

3_—$ =
1] - T T

4] 100 I 2("}0 ) SCI!D ' 400 ' 500
Time (min)

Figure 9. Deswelling behavior of conventional PNIPAM, PNIPAM/CS,

and PNIPAM/CS/GO hydrogels at 45°C (pH 3.2). [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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ture. Within the hydrogel networks, these GO sheets provide
more interactions with water molecules, create more hydrogen
bonding between water and hydrogel network, and the hydrogel
thus holds more water molecules than traditional PNIPAM/CS
hydrogels. Moreover, the swelling ratios of PNIPAM/CS/GO
hydrogels gradually decreased by increasing the contents of GO.
The PNIPAM/CS/GO hydrogels with higher GO contents led to
more densely crosslinked networks, thus decreasing the swelling
ratios of the hydrogels. At a basic pH [Figure 7(b)], the
thermo-sensitivity of the hydrogels is similar to that in an acid
pH. However, it can be seen in Figure 7 that the thermo-
sensitivity of the hydrogels was weakened significantly at pH
9.2, and the VPTT of the hydrogel was decreased slightly. This
is because, at high pH, the —NH, groups remain in the form
—NH,, which may induce the formation of inter- and intramo-
lecular hydrogen bonding, so that hydrogen bonds become
dominant in the polymer network resulting in a much more
shrunken structure or a lower VPPT.”!

pH Dependence of the Hydrogels

To investigate the influence of pH value of the medium on the
swelling ratios for the PNIPAM/CS/GO hydrogels, the pH range
is selected from 3.2 to 9.2 in this study. As shown in Figure 8,
the swelling ratios of PNIPAM/CS/GO hydrogels gradually
decreased with increasing pH of the buffer solution. This phe-
nomenon may be attributed to the ionization behavior of the
free amino groups in the chitosan derivative in response to exter-
nal pH changes. Since the pKa of the amino group of a glucosa-
mine residue is about 6.5,°> most of the —NH, groups of
chitosan chains are positively charged in acidic media, and elec-
trostatic repulsion between the —NH;* groups of chitosan
chains causes the polymer network to expand. This attracts more
water into the hydrogel network. In basic solution, the —NH,
groups remain in the form —NH,, which may induce the forma-
tion of inter- and intramolecular hydrogen bonding, so that
hydrogen bonds become dominant in the polymer network. This
enhancement of the interactions between polymer chains causes
the observed decrease of the swelling ratio of the hydrogels. The
result also revealed a dependence of the swelling ratio on the
content of CS in the resulting hydrogels. The swelling ratio of
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the hydrogels increased with increasing the content of the chito-
san at lower pH value, which may be attributed to the presence
of more positively charged —NH, groups, which leads to an
expansion in the hydrogel network. Moreover, while the PNI-
PAM/CS/GO hydrogels exhibited remarkable pH-sensitivity, as
for the PNIPAM/GO hydrogel, the swelling ratios remain con-
stant when pH changes in the range studied above. Since CS is
the pH-responsive component, this is another proof of the sta-
bility of CS in the semi-IPN hydrogels in weak acid conditions.
Compared with the remarkable pH-sensitivity of PNIPAM/CS/
GO hydrogels in temperature below VPTT [Figure 8(a)], the
pH-sensitivity of PNIPAM/CS/GO hydrogels in temperature
above VPTT is not that obvious relatively [Figure 8(b)].

Deswelling Kinetics

As mentioned above, the deswelling rate is one of the most
important factors and, in particular, high rates are needed in
many applications. Figure 9 depicts the deswelling behaviors
measured for hydrogels under the same experimental condi-
tions. Contrary to pure PNIPAM hydrogel, the PNIPAM/CS/GO
hydrogels exhibited rapid response. It is of interest to note that
the deswelling curve of the PNIPAM/CS hydrogel is beneath
that of the conventional PNIPAM hydrogel. In another word,
the response rate was greatly enhanced by the incorporation CS
into the hydrogels network during the deswelling process. These
results indicated that a highly expanded network can be gener-
ated by electrostatic repulsions among —NH; " groups of chito-
san chains during the polymerization process. It is worthwhile
to note that the PNIPAM/CS/GO hydrogels with low contents
of GO have much higher response rates than the pure PNIPAM
hydrogel. For instance, PNIPAM/CS5/GO2 hydrogel loses about
80% water within 2 h, whereas the conventional PNIPAM
hydrogel takes 4 h to lose only 20% water. To describe the over-
all deswelling rate of the hydrogels, a reasonable criterion may
be the time taken for the hydrogel to reach a half deswelling
degree.”” For the conventional PNIPAM/CS hydrogel, it requires
about 50 min to attain the stable water retention of about 50%.
However, the PNIPAM/CS5/GO2 hydrogel takes only about
10 min to reach the same deswelling degree. Furthermore, the
deswelling rates gradually decreased as the contents of GO
increased. However, a totally different result was observed in
our previous report, in which the deswelling rates of the
PNIPAM/AA/GO DN hydrogels increased with the increasing of
the contents of GO and decreased with the increasing of
the contents of AA.>* This is because GO was used as an addi-
tive in the PNIPAM/AA/GO DN hydrogels, while surface-
functionalized GO was acted as crosslinker in the current work.
By increasing GO content, therefore, the crosslink densities of
the hydrogels increased, resulting in the decrease of the pore
size. When the temperature is above the hydrogel’s VPTT, the
water molecules are difficult to diffuse out as a result of numer-
ous small pores in the hydrogel network, thus the swelling ratio
decreased by increasing the contents of GO. Moreover, while a
highly expanded network can be generated by electrostatic
repulsions among —NH;" groups of chitosan chains in this
experiment, higher acrylic acid content leading to more com-
pact porous structures in the previous study, which is adverse
to the diffusion of water molecules.
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CONCLUSIONS

In this article, pH- and temperature-responsive PNIPAM/CS/
GO hydrogels were prepared, which were crosslinked by GO
sheets. TMPSMA-modified GO both acted as a multifunctional
crosslinker and as reinforcing filler. The swelling ratios of
hydrogels gradually decreased by increasing the contents of GO
and increased by increasing the contents of CS. The pH sensi-
tivity of PNIPAM/CS/GO hydrogels was evident below their
VPTT. Also, the PNIPAM/CS/GO hydrogels exhibited high com-
pressive strength even in high water content.
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