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Temperature-sensitive poly(N-isopropylacrylamide)/konjac glucomannan/graphene oxide (PNIPAM/KGM/GO) compositemem-
branes were prepared by solution blending using calcium ions as a cross-linker. The composite membranes were characterized
by Fourier-transform infrared spectroscopy (FT-IR), field-emission scanning electron microscopy (FESEM), X-ray diffraction
(XRD), Raman spectroscopy (Raman), and differential scanning calorimetry (DSC). The swelling, mechanical property, phase
transformation behaviors, and enzymatic degradation activities were also determined. Results revealed that the phase transition
temperatures of all the composite membranes were approximately 35∘C. The PNIPAM/KGM/GO composite membranes
showed enhanced mechanical property. The swelling behavior and enzymatic degradation of the PNIPAM/KGM/GO composite
membranes improved compared with those of conventional PNIPAM hydrogel and PNIPAM/KGM composite membranes. Thus,
the PNIPAM/KGM/GO composite membranes have potential applications in the biomedical field as skin dressings.

1. Introduction

Large skin defect caused by burns or injury is a confound-
edly dangerous situation [1]. The unexplained emergence
of wounds without effective treatment will lead to tissue
necrosis or even more serious consequences [2]. A large
number of medical gauze and skin dressings have been
developed to prevent wound dryness, infection, and loss of
moisture. However, traditional skin dressings are difficult to
separate, which would cause secondary damage and high
consumption [3]. Therefore, it is of great significance to
fabricate a skin dressing that can be automatically and easily
stripped.

Currently, stimulus-responsive polymers have been
widely investigated because they can respond to changes in
the external environments, such as temperature, pH, and

light field [4–6]. Among them, poly(N-isopropylacrylamide)
(PNIPAM) is one of the most widely studied temperature-
responsive polymers, which possesses a lower critical
solution temperature (LCST, approximately 32∘C) [7–11].
At temperatures below the LCST, PNIPAM exhibits a
hydrophilic and swollen configuration; however, at temper-
atures above the LCST, PNIPAM becomes hydrophobic and
shrunken [12]. PNIPAM is the material commonly used
for the preparation of thermoresponsive wound dressing
because of its unique thermoresponsive phase transition
effect [13–15]. In addition, traditional intelligent hydrogels
are limited because of poor mechanical strength, biological
properties, and swelling/deswelling performances, which
significantly restrict their practical application [16–18]. To
deal with this problem and obtain materials with enhanced
properties, the present study combines PNIPAMwith konjac
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Scheme 1: Possible mechanism of PNIPAM/KGM/GO composite membranes.

glucomannan (KGM) and graphene oxide (GO) to improve
their biological properties and mechanical properties.

Natural biopolymers have attracted tremendous attention
because of their excellent properties, such as nontoxicity,
biocompatibility, renewability, and biodegradability [19, 20].
KGM is a high-molecular-weight polysaccharide and it is
composed of d-mannose and d-glucose units linked by 𝛽-
(1, 4) bonds [21–23]. At present, KGM is increasingly investi-
gated because of its positive properties, such as renewability,
biodegradability, and low cost, and it is mainly used in
biochemical, medical, and food fields [24].

GO, an oxygen-rich carbonaceous layered material, is a
derivative of graphite that is produced by the strong oxidation
of graphite [25, 26]. GO has a large number of oxygen-
containing groups, such as carboxyl, epoxy, carbonyl, and
hydroxyl, which contribute to its swelling, intercalating, and
ion exchange properties [27–30]. Recent researches have
been focused on the introduction of a small amount of GO
to effectively improve the properties of polymer materials,
such as mechanical properties, water absorbing capacity,
biocompatibility, and bioactivity, because of the molecule-
level dispersion of GO sheets in a polymer matrix and the
strong interfacial interaction between these two components.
Park et al. prepared PLGA/GO nanocomposite films, and
PLGA/GO (5wt%) nanocomposite film showed enhanced
tensile strength, Young’smodulus, and storagemodulus com-
pared with pure PLGA polymer [31]. Zhu et al. introduced an
easy, safe, and simple assemblymethod to fabricate KGM/GO
composite films; the final obtained KGM/GO (7.5%) compos-
ite film exhibits significantly enhancedmechanical properties
and possesses excellent biocompatibility and bioactivity [32].
Tai et al. reported an “intelligent” graphene oxide/polyacrylic
acid (GO/PAA) nanocomposite hydrogel synthesized with
a simple PAA cross-linking reaction. Both the compres-
sive strength and water absorbing capacity of the GO/PAA
nanocomposite hydrogel were enhanced after adding GO
[33]. However, these researches have been focused on the
development of various binary kinds of composite mate-
rial; ternary composite materials have been rarely reported;

among them, PNIPAM/KGM/GO composite membranes
have not been studied.

Therefore, temperature-sensitive composite membranes
should be designed to improve mechanical property, water
absorbing capacity, and biodegradability. In this study, we
prepared novel PNIPAM/KGM/GO temperature-responsive
composite membranes by solution blending using ionic
cross-linking of calcium ions. This method is facile, and the
preparation procedure is easy to control. PNIPAM and KGM
by hydrogen bonding formed the network structure of the
PNPAM/KGMcompositemembranes.WhenGOsheetswere
introduced into the PNPAM/KGM composite membranes,
the chemical cross-linking points from the GO sheets were
produced via Ca2+ as a cross-linking agent in the structure of
PNIPAM/KGM/GO composite membranes. The schematic
of the PNIPAM/KGM/GO ternary composite membranes is
exhibited in Scheme 1. The PNIPAM/KGM/GO composite
membranes possessed the unique temperature sensitivity
of PNIPAM and enzymatic degradation property of KGM,
and GO could improve the performance of the composite
membranes. The mechanical property, phase transformation
behavior, swelling behavior, and enzymatic degradation of the
PNIPAM/KGM/GO composite films were studied.

2. Experimental

2.1. Materials. N-Isopropylacrylamide (NIPAM) was recrys-
tallized in hexane before use to remove inhibitors and
purchased from Shanghai Wujing Chemical Technology
Co., Ltd. N,N-Methylenebisacrylamide (MBA), potassium
persulfate (KPS), and sodium bisulfite (SBS) were obtained
from Kelong Chemical Inc. Konjac glucomannan (KGM)
was purchased from Sichuan Taro Zi Source Food Co., Ltd.
Graphene oxide (GO) was obtained fromAladdin (Shanghai,
China). 𝛽-Mannanase was purchased from Jiangsu Ruiyang
Biotechnology Co., Ltd. Deionized water was used in all
experiments. All chemicals were of analytical grade and were
used without further purification.
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2.2. Characterization. The prepared materials were com-
pressed into pellets using KBr and the pellets were investi-
gated by Fourier-transform infrared spectra (FT-IR, Nicolet-
5700, Perkin Elmer Instruments Corporation) within the
wavenumber range of 500–4000 cm−1. Raman spectroscopy
(InVia, Renishaw, 514.5 nm)was used to investigate the nature
of the chemical functional groups of the composite films.
The SEM images were obtained on a field emission scanning
electron microscope (FESEM, Ultra 55) at an accelerating
voltage of 15 kV after the sputter coating of gold on the
specimen surface. The structure of PNIPAM/KGM/GO was
determined through X-ray powder diffraction (XRD; X’Pert
PRO) with Cu Ka radiation, 2𝜃 = 8∘ to 28∘. The LCST
measurements of the wet samples were carried out on a
DSC Q2000 differential scanning calorimeter (DSC) under
a nitrogen atmosphere, at a heating rate of 10∘C⋅min−1 from
−40 to 80∘C, and the flow rate of N2 was adjusted at
100mL⋅min−1; the purity of N2 ≥ 99.999%.

2.2.1. Mechanical Properties. The mechanical properties
of the composite membranes were measured using the
temperature-controlled electronic universal material test-
ing machine (MTS, C45.504, China) at a strain rate of
10mm⋅min−1 at room temperature. The tensile test was
carried out on a C45.504E computer-controlled electronic
universal testing machine (MTS Industrial Systems Co., Ltd.,
China) at a rate of 2mm⋅min−1 based on GB/T 1040.3-2006
(China). The samples were cut in a dumbbell shape with the
dimension of 110 × 7 × 0.2mm for tensile test. The average of
three specimens per sample was taken as the final value.

2.2.2. Swelling Behavior. The swelling ratios of membranes
samples were measured at room temperature using a gravi-
metric method. The dried membranes were immersed in
distilled water until their weight became constant. The
membranes were then removed fromwater and their surfaces
were blotted with filter paper before being weighed. For each
sample, a minimum of three measurements was taken, and
the swelling ratio was calculated with the following equation:

swelling ratio =
(𝑊𝑠 −𝑊𝑑)

𝑊𝑑
, (1)

where𝑊𝑠 is the weight of the swollen membranes and𝑊𝑑 is
the weight of the dry membranes.

The swelled membranes at room temperature were put
into water of 50∘C to deswell. The deswelling behavior of the
membranes was studied by recording the weight of water in
themembranes at 50∘C. For each sample, aminimumof three
measurements was taken, and water retention was calculated
as follows.

Water retention =
(𝑊𝑡 −𝑊𝑑)

(𝑊𝑒 −𝑊𝑑)
, (2)

where 𝑊𝑒 is the weight of membranes equilibrated at room
temperature, 𝑊𝑡 is the weight of membranes at time 𝑡, and
𝑊𝑑 is the weight of dry membranes.

2.2.3. Degradation Behavior. The enzymatic degradation
of the composite membranes was carried out in a flask
filled with 25mL phosphate buffer (pH 7.40, 0.1mol⋅L−1,
37∘C) which contained determined content of 𝛽-mannanase
(0.2mg⋅mL−1 and 0.4mg⋅mL−1). The degradation experi-
ments were conducted by immersing the dry membranes
(10mg) mass in buffer solutions and they were placed in
a thermostatic shaker (37∘C, 50 r⋅min−1). The degradation
of the membranes was expressed by the degradation rate
(DR𝑡) of the samples at predetermined time intervals. After
a predetermined time, the samples were removed from the
solution, the enzymatic degradation was stopped, and the
samples were washed thoroughly with ethanol and then
dried at 30∘C. The degradation ratio of the test samples was
calculated by the following expression:

DR𝑡 =
(𝑀𝑖 −𝑀𝑡)

𝑀𝑖
, (3)

where 𝑀𝑖 is the initial weight of the dry gels and 𝑀𝑡 is the
weight at time 𝑡.

2.3. Sample Preparation

2.3.1. Preparation of PNIPAM/KGM Composite Membranes.
PNIPAM hydrogels were prepared using improved free rad-
ical polymerization method [3]. Firstly, the initial solution
consisting ofmonomerNIPAM (1.000 g),MBA (0.050 g), and
SBS (0.0139 g) was dissolved in deionizedwater (100mL)with
stirring under N2 for 30min at 5∘C. Secondly, an aqueous
solution of the initiator KPS (0.0361 g) was added to the
solution. The free radical polymerization was carried out in
an ice-water bath at 5∘C for 24 h. The samples were stewed
for 4 h, immersed with deionized water for 48 h, freeze-
dried for 24 h, and stored. The detailed steps for preparing
the PNIPAM/KGM composite membranes were described as
follows. Firstly, KGM (0.600 g) was dissolved in deionized
water (6mL) and then calcium hydroxide (Ca(OH)2, 2.5mL)
was added and heated at 90∘C for 4 h for deacetylation. KGM
formed thermally stable hydrogels when heated with alkali
by deacetylation and disruption of the hydrogen bonding of
the hydration between the macromolecular chain and water
molecule [37]. KGM hydrogels were added to the above
PNIPAM hydrogels with mechanical stirring for 4 h at 5∘C.
The obtained products were immersed with deionized water
at room temperature for 48 h and were poured on the PET
film by solution-casting method. Finally, the PNIPAM/KGM
composite membranes were dried at 30∘C in a vacuum dryer.
Among them, the quality of KGM was set as 0.600 g after a
series of tests.

2.3.2. Preparation of PNIPAM/KGM/GO Composite Mem-
branes. Firstly, the purified GO (1.00mg) was dispersed in
deionized water (10mL) and sonicated for 3 h to obtain a
homogeneous dispersion. After the GOdispersionwas added
dropwise to the PNIPAM/KGMcombined solution, Ca(OH)2
(2.5mL) was added to the reaction; the PNIPAM/KGM/GO
mixture solution was stirred for another 4 h. The obtained
products were immersed with deionized water at room tem-
perature for 48 h.Then the resulting products were poured on
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Table 1: The compositions of PNIPAM/KGM/GO membranes.

Sample NIPAM (g) KGM (g) GO (g)
PNIPAM 1.000 0 0
PNIPAM/KGM 1.000 0.600 0
PNIPAM/KGM/GO1 1.000 0.600 0.001
PNIPAM/KGM/GO2 1.000 0.600 0.002
PNIPAM/KGM/GO3 1.000 0.600 0.003
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Figure 1: FTIR spectra of KGM (a), PNIPAM (b), PNIPAM/KGM
(c), PNIPAM/KGM/GO1 (d), PNIPAM/KGM/GO2 (e), and PNI-
PAM/KGM/GO3 (f) composite membranes.

the PET film by solution-casting method and were denoted
as PNIPAM/KGM/GO𝑛 composite membranes. Finally, the
composite membranes were dried at 30∘C in a vacuum
dryer. The number 𝑛 represents the weight percent of GO
relative to the NIPAM monomer. The compositions of the
PNIPAM/KGM/GO membranes are shown in Table 1.

3. Results and Discussion

3.1. Preparation and Characterization of the Composite Mem-
branes. Figure 1 shows the FTIR spectra of the as-prepared
products. In Figure 1(a), the pure KGM shows the stretching
and bending vibrations of OH groups occurring at 3442 and
1632 cm−1, respectively [38]. PNIPAM(Figure 1(b)) shows the
peak at 3434 cm−1 which was ascribed to N-H stretching
vibration; the peaks at 2975, 2929, and 2874 cm−1 can be
related to the stretching vibrations of C-H groups; the
characteristics amide I (C=O) and amide II (N-H) stretch-
ing vibration bands of PNIPAM repeat units were found
at 1640 and 1550 cm−1 [39, 40]. In Figures 1(d)–1(f), the
carbonyl band appeared at 1722 (C=O of GO) [19]. These
main characteristic peaks in the FT-IR spectra indicated that
the PNIPAM/KGM/GO composite membranes have been
successfully synthesized.

To further confirm the existence of GO in the composite
membranes, the Raman analysis was performed in Figure 2.
The peak at about 1355 cm−1 (D band) corresponds to the
disorder mode in the aromatic structure of GO, and the peak
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Figure 2: Raman spectra of PNIPAM/KGM (a), GO (b), PNIPAM/
KGM/GO1 (c), PNIPAM/KGM/GO2 (d), and PNIPAM/KGM/GO3
(e) composite membranes.
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Figure 3: XRD patterns of GO (a), PNIPAM/KGM/GO1 (b),
PNIPAM/KGM/GO2 (c), and PNIPAM/KGM/GO3 (d) composite
membranes.

at about 1600 cm−1 (G band) corresponds to the tangential
mode which is due to the plane vibration of the sp2 carbon
atoms in GO [41, 42].The intensity ratio of D band to G band
(𝐼D/𝐼G) was commonly used to indicate the structure disorder
and defect [43].The 𝐼D/𝐼G ratios ofGO, PNIPAM/KGM/GO1,
PNIPAM/KGM/GO2, and PNIPAM/KGM/GO3 were 0.80,
0.82, 0.84, and 0.85, respectively (Figures 2(b)–2(e)). This
change suggested that some oxygen functional groups in
GO participated in the cross-linking process and were dehy-
drated, and the C=C bonds were partially restored, resulting
in the increase in 𝐼D/𝐼G [44].

Figure 3 shows the XRD patterns of GO (Figure 3(a)),
PNIPAM/KGM/GO1 (Figure 3(b)), PNIPAM/KGM/GO2
(Figure 3(c)), and PNIPAM/KGM/GO3 (Figure 3(d))
composite membranes. After cross-linking reaction, GO
was incorporated into PNIPAM/KGM; the peaks of the
PNIPAM/KGM/GO composite membranes became broader
and had no distinct diffraction peak at around 2𝜃 = 9.7∘,
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Figure 4: SEM images of GO (a), PNIPAM (b), PNIPAM/KGM (c), PNIPAM/KGM/GO1 (d), PNIPAM/KGM/GO2 (e), and PNIPAM/
KGM/GO3 (f) composite membranes.

where GO showed a diffraction peak at 2𝜃 = 9.7∘ with ca.
1.06 nm interlayer spacing. The XRD results demonstrated
that GO was uniformly dispersed in the polymer matrix
without ordered aggregation [42, 45].

The morphologies of the freeze-dried composite
membranes were observed by SEM. Figure 4 shows
the obvious differences in the internal structures of
GO, PNIPAM, PNIPAM/KGM, PNIPAM/KGM/GO1,
PNIPAM/KGM/GO2, and PNIPAM/KGM/GO3 composite
membranes. The pure GO presented a monolayer sheet-
like structure, along with smooth surface (Figure 4(a))
[46]. Compared with GO, PNIPAM showed various
pores, which resembled a net structure (Figure 4(b)). The
PNIPAM/KGMcompositemembranes exhibited an irregular
porous structure (Figure 4(c)), but the PNIPAM/KGM/GO
composite membranes showed a three-dimensional porous
structure, and the pore size becomes smaller with increasing
the GO content (Figures 4(d)–4(f)). The pore density
increase of composite membranes could avoid collapse of
the pore structure and enhance water retention of composite
membranes.

3.2. Thermoresponsive Behavior. The temperature behavior
of the synthesized hydrogels was determined through DSC
with the LCST reported as the peak temperature [29].
Figure 5(a) shows that PNIPAM (Figure 5(A)), PNIPAM/
KGM (Figure 5(B)), PNIPAM/KGM/GO1 (Figure 5(C)),
PNIPAM/KGM/GO2 (Figure 5(D)), and PNIPAM/KGM/
GO3 (Figure 5(E)) composite membranes exhibited the
LCST around 35.6∘C, 35.2∘C, 34.8∘C, 34.6∘C, and 34.5∘C,
respectively. In addition, the LCSTof the PNIPAM/KGM/GO

composite membranes gradually decreased with increasing
GO sheet content, but the change was weak. These results
indicated that the incorporation of the GO sheets had a
minor effect on the LCST of the composite membranes, and
the composite membranes still maintained the temperature
sensitivity of PNIPAM.

Figure 5(b) shows the digital photos of the sample sizes
compared based on the same swatches when the water
temperatures rises from 25 to 37∘C. The transparent hydro-
gels first change from white to brown with increasing GO
content. At temperatures below the LCST of the composite
membrane, the PNIPAM (B1), PNIPAM/KGM (B2), and
PNIPAM/KGM/GO3 (B3) composite membranes showed a
swollen state. By contrast, the PNIPAM (B4), PNIPAM/KGM
(B5), and PNIPAM/KGM/GO3 (B6) composite membranes
were in a shrunken state at temperatures above the LCST,
and their sizes became small. At 25 and 37∘C, the size of
all samples ranged from 2.0, 2.5, and 2.3 cm to 1.5, 2.0, and
2.0 cm. This further indicated that the prepared composite
membranes were sensitive to temperature, which could be
suitable for application in smart skin dressings.

3.3. Mechanical Properties. Composite membranes as wound
dressings should have appropriate mechanical properties.
Figure 6 shows the strain-stress curves of PNIPAM/KGM,
PNIPAM/KGM/GO1, PNIPAM/KGM/GO2, and PNIPAM/
KGM/GO3 composite membranes. Compared with PNIPAM/
KGM composite membranes, the GO addition enhanced
the mechanical strength of PNIPAM/KGM/GO composite
membranes. On one hand, GO can act as an effective
reinforcing filler for enhancing the mechanical performance
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of the PNIPAM/KGM/GO composite membranes [27]. On
the other hand, the incorporation of GO improves the
mechanical property of the PNIPAM/KGM/GO composite
membranes which were fabricated through solution blending
of PNIPAM and KGM in the presence of GO in aqueous
system followed by calcium ions cross-linking. However,
the strain for the PNIPAM/KGM/GO composite membranes
showed a decreasing trend with increasing contents of GO,
indicating that GO with a few linkages with a polymer
may act as a defect, thereby leading to the brittleness of
PNIPAM/KGM/GO [31]. Table 2 shows the values reported
for human skin and compares the mechanical properties
of human skin with the prepared PNIPAM/KGM/GO com-
posite membranes. The results reveal that the mechanical

properties of the composite membranes are in the range
of skin bearing. Furthermore, one can tune the mechanical
properties of the GO-reinforced PNIPAM/KGM composite
membranes depending on the applicability of thematerial via
the GO concentration [47].

3.4. Swelling Behavior. Figure 7(a) shows the water holding
capacity of the composite membranes in terms of their
swelling ratio. Both pure and composite membranes quickly
became swollen at the initial stage and then began to
level off with increasing time. The swelling equilibrium
could be achieved within 120min. The swelling ratio of
the PNIPAM/KGM composite membranes was increased
with increasing KGM content compared with PNIPAM.This
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Table 2: Comparison of mechanical properties of PNIPAM/KGM/GO composite membranes to those of human skin.

Skin location Tensile strength (MPa) Young’s modulus (MPa) Elongation at break (%) Reference
Back 13.2–30 48.4–118.2 37–71 [34]
Abdomen + thorax 2–15 18.8 [35]
Forehead and arm 5.7–12.6 19.5–87.1 27–59 [36]
PNIPAM/KGM 4.85 57.88 8.41
PNIPAM/KGM/GO1 6.92 134.24 5.15
PNIPAM/KGM/GO2 8.14 278.07 3.74
PNIPAM/KGM/GO3 9.86 385.29 2.56
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Figure 7: Swelling ratios (a) and water retention (b) of conventional PNIPAM, PNIPAM/KGM, and PNIPAM/KGM/GO composite
membranes with different amounts of GO at 20∘C and 50∘C, respectively.

phenomenon was mainly attributed to the strong hydrophilic
property of the amide group, which caused the strong water
absorption of the PNIPAMchain segment and the goodwater
absorption of KGM. The incorporation of GO obviously
improved the swelling ratio of the composite membranes
compared with the PNIPAM and PNIPAM/KGM composite
membranes [48, 49]. However, the swelling ratio of the PNI-
PAM/KGM/GO composite membranes was decreased with
further increase of GO content, which could be attributed to
the relatively compact polymer network structure.

Figure 7(b) shows the water retention of compositemem-
branes at 50∘C. The prepared composite membranes pre-
sented similar deswelling behavior to the PNIPAM. By con-
trast, the water retention of the PNIPAM/KGM/GO compos-
itemembranes was higher than that of the PNIPAMand PNI-
PAM/KGM composite membranes. This observation indi-
cated that the PNIPAM/KGM/GO composite membranes
attained stable water retentions much slower than the PNI-
PAM/KGM composite membranes upon deswelling under
identical conditions. In other words, the PNIPAM/KGM/GO
composite membranes displayed much more stable water
retention than the conventional PNIPAM/KGM composite
membranes.

3.5. Degradation Behavior. The enzymatic hydrolysis exper-
iment was carried out in pH 7.40 buffer solution with 𝛽-
mannanase at 37∘C to estimate the biodegradability of the
PNIPAM/KGM/GO composite membranes.

Figure 8 shows the degradation rate of the differentmem-
branes under different concentrations of 𝛽-mannanase. The
degradation rate of PNIPAM almost remained unchanged
in pH 7.4 buffer solution with 𝛽-mannanase at 37∘C,
whatever the enzyme concentration is 0.2mg⋅mL−1 or 0.4
mg⋅mL−1. The results show that PNIPAM could not be
degraded in pH 7.4 buffer solution with 𝛽-mannanase at
37∘C.However, KGM,PNIPAM/KGM,PNIPAM/KGM/GO1,
PNIPAM/KGM/GO2, and PNIPAM/KGM/GO3 composite
membranes could be degraded by 𝛽-mannanase, and when
the enzyme concentration increased from0.2 to 0.4mg⋅mL−1,
the degradation rate was increased from 58% to 70%, from
46% to 60%, from 65% to 79%, from 62% to 75%, and
from 60% to 72% for 24 h, respectively. The results indicated
that different concentrations of 𝛽-mannanase displayed a
major effect, and the increase in enzyme concentration
improved the degradation rate of the composite membranes.
Meanwhile, KGMcomposite can be degraded by the enzymes
which can degrade KGM itself; that is, PNIPAM/KGM/GO
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Figure 8: Degradation rate of conventional KGM, PNIPAM, PNIPAM/KGM, and PNIPAM/KGM/GO composite membranes with different
amounts of GO in buffer solution of pH 7.40 with 0.2 (a) and 0.4mg⋅mL−1 (b) 𝛽-mannanase at 37∘C.

composite membranes retain the biodegradability characters
of KGM [50]. The effect of the GO contents on degradation
was not investigated. The degradation rate of the PNI-
PAM/KGM/GO composite membranes was decreased with
the increase of the GO content, but the composite membrane
showed a higher degradation rate compared with the KGM
membrane and PNIPAM/KGM composite membranes. This
behavior may be attributed to the Ca2+ cross-linking of GO
with PNIPAM and KGM macromolecules, which overcame
the disintegration of the gels and the interactions between
the polysaccharides and GO strengthened as the GO content
increased.

4. Conclusion

In summary, a novel temperature-responsive composite
membrane was successfully prepared, which was based on
GO incorporated in PNIPAM/KGM by solution blending
using ionic cross-linking of calcium ions. The mechan-
ical property, swelling behavior, and enzymatic degra-
dation of the PNIPAM/KGM/GO composite membranes
were studied. The presence of GO improved the mechan-
ical property, swelling behavior, and enzymatic degrada-
tion of PNIPAM/KGM. In particular, with increasing the
GO content, the PNIPAM/KGM/GO composite membranes
showed enhanced tensile strength from4.85MPa to 9.86MPa
(2.03-fold increase) compared with the conventional PNI-
PAM/KGM composite membranes. Furthermore, regarding
the mechanical properties of PNIPAM/KGM/GO compos-
ite membranes compared with human skin, the results
reveal that the mechanical properties of PNIPAM/KGM/GO
composite membranes can be adjusted via changing GO
concentration. When the enzyme concentration increased
from0.2mg⋅mL−1 to 0.4mg⋅mL−1, the degradation rate of the

PNIPAM/KGM/GO1 composite membranes was increased
from 65% to 79% in 24 h. The above-mentioned advantages
demonstrated the suitability of the PNIPAM/KGM/GO com-
posite membranes for many applications in the biomedical
field.
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