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Abstract: We demonstrate the fabrication of novel reduced graphene oxide (rGO)-based double
network (DN) hydrogels through the polymerization of poly(N-isopropylacrylamide) (PNIPAm)
and carboxymethyl chitosan (CMC). The facile synthesis of DN hydrogels includes the reduction of
graphene oxide (GO) by CMC, and the subsequent polymerization of PNIPAm. The presence of rGO
in the fabricated PNIPAm/CMC/rGO DN hydrogels enhances the compressibility and flexibility of
hydrogels with respect to pure PNIPAm hydrogels, and they exhibit favorable thermoresponsivity,
compressibility, and conductivity. The created hydrogels can be continuously cyclically compressed
and have excellent bending properties. Furthermore, it was found that the hydrogels are pressure-
and temperature-sensitive, and can be applied to the design of both pressure and temperature sensors
to detect mechanical deformation and to measure temperature. Our preliminary results suggest
that these rGO-based DN hydrogels exhibit a high potential for the fabrication of soft robotics and
artificially intelligent skin-like devices.
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1. Introduction

Hydrogels—wet and soft materials that consist of water and cross-linked three-dimensional
(3D) networks—have been proven to possess several unique properties, such as stimuli response,
shock absorption, swelling, and conductivity [1–3]. The created smart hydrogels can be utilized in
various fields, including photochemistry, sensors, tissue engineering, biomedical engineering, and
materials science [4–6]. However, some challenges regarding the synthesis and application of various
hydrogels need to be overcome. For instance, hydrogels are mostly brittle, with a fracture energy of
1–10 J/m2 and an elastic modulus of around 10 kPa [7,8]. Both values are much lower than those of
cartilage in the body—which has a fracture energy of 16 J/m2 [9] and an elastic modulus of around
0.32 GPa [10].

The formation of double network (DN) hydrogels is one of the potential ways to significantly
improve the mechanical properties of hydrogels. For instance, Gong and co-workers developed DN
hydrogels (PAMPS-PAAm) including poly(2-acrylamido-2-methylpropanesulfonic acid) (PAMPS) and
polyacrylamide (PAAm) with enhanced mechanical strength [11,12]. The fabricated DN hydrogels
exhibited fracture toughness, fracture tensile stress, and fracture tensile strain of 102–103 J/m2,
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1–10 MPa, and 1000–2000%, respectively. It is well-known that the promising flexibility of hydrogels
comes from a few factors, such as the combination of brittle PAAm and ductile PAMPS networks,
higher molar content of the ductile polymer, and asymmetric gel structure [13–16].

Based on these principles of the two-step polymerization method, various tough DN hydrogels
have been fabricated, such as the microgel-reinforced DN gel [14], void DN gel [17], and inverse
DN gel [18]. For example, Huang et al. prepared a novel inorganic–organic DN hydrogel by using
graphene and poly(acrylic acid) (PAA) hydrogel. The use of graphene made it possible to fabricate a
3D structure with a tightly cross-linked network [19]. In addition, the acrylic acid monomer dispersed
in the graphene structure and cross-linked into the second ductile network. This novel DN hydrogel
showed great elasticity and electrical conductivity. However, the complex and rigorous fabrication
processes and the acid residue limited the application of the fabricated DN hydrogels in the field
of sensors.

Herein, we developed a facile and efficient method to construct organic–organic DN hydrogels by
using reduced graphene oxide (rGO), poly(N-isopropylacrylamide) (PNIPAm), and carboxymethyl
chitosan (CMC) together. The thermosensitive PNIPAm serves as the first tightly cross-linked network,
and the CMC/rGO acts as the second ductile network, in which the GO nanosheets are reduced to rGO
by CMC via the amidation reaction. In addition, the dense PNIPAm and loose CMC/rGO networks
are physically connected by hydrogen bonds. It was found that the obtained PNIPAM/CMC/rGO DN
hydrogels had potential applications in both pressure and temperature sensing.

2. Materials and Methods

2.1. Materials

N-isopropylacrylamide (NIPAm), N,N’-methylenebisacrylamide (BIS), ammonium persulfate
(APS), and N,N,N’,N’-tetramethylethylenediamine (TEMED), dopamine (DA), uric acid (UA),
and ascorbic acid (AA) were purchased from J&K Scientific Ltd. (Beijing, China). Carboxymethyl
chitosan (CMC, degree of substitution greater than 80%), hydrogen peroxide (H2O2, 30% aqueous
solution), disodium hydrogen phosphate (Na2HPO4), and sodium dihydrogen phosphate (NaH2PO4)
were obtained from Beijing Chemicals Co., Ltd. (Beijing, China). Natural graphite flakes (99.8% purity)
were purchased from Sigma-Aldrich (Milwaukee, WI, USA).

2.2. Synthesis of GO, CMC/rGO, and DN Hydrogels

GO was synthesized according to a reported procedure with the Hummers’ method [20–22].
In brief, 3 g of graphite flakes and 18 g of KMnO4 were added to a H2SO4/H3PO4 (v/v, 9:1) solution in
sequence. Then, 10 mL 10% H2O2 was slowly added to the mixed solution. Afterwards, the mixture
was filtered, and the obtained yellow solid was washed with deionized water, ethanol, and HCl (30%),
and precipitated with diethyl ether. Upon freeze-drying, 6.00 g GO was obtained.

CMC/rGO was synthesized by the chemical reduction of GO with CMC. In brief, GO was
dissolved with deionized water at a concentration of 1 mg/mL. Then 0.03 g CMC was added into 2 mL
GO (1 mg/mL) solution, and this reaction proceeded at 50 ◦C for 12 h with continuous stirring.

To obtain DN hydrogels, 0.226 g NIPAm was added into the obtained CMC/rGO solution, along
with 0.002 g BIS as cross-linking agent. After that, 1.1 mg APS as the initiator and 1 µL TEMED as the
accelerator were added into the mixed solution. Finally, the mixture was reacted at 25 ◦C for 6 h in a
nitrogen environment, and the PNIPAm/CMC/rGO DN hydrogels were prepared.

2.3. Compressibility of Hydrogels

Cylinder-shaped hydrogels (φ10 × 15 mm) were used in the compression tests. The mechanical
analysis was carried out on a Lloyd LR30K tensile testing machine (Lloyd Instrument, Fareham, UK).
A cross-head speed of 0.4 mm/min and a maximum strain of 60% were applied for the compression
tests. At least three samples were evaluated in these compression tests in order to obtain reliable data.
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2.4. Pressure and Temperature Sensing

Cylinder-shaped hydrogels (φ10 × 20 mm) were chosen for these pressure sensing tests.
The mechanical analyses were carried out on a Lloyd LR30K tensile testing machine, and the resistances
were detected by a modified multimeter. The resistance changes of the hydrogels were monitored.
In order to improve the contact surface and measurement stability during the pressure sensing tests,
the probe head of the multimeter was shaped into a pointed needle with a flat elliptical surface.

The formed hydrogel samples were placed on a heating stage and the temperature was
continuously adjusted. The resistance changes were detected by the modified multimeter. It was
important to make sure that the probe did not touch the heating table. Then, the sample was covered
with a transparent cover. The changes of resistance of the formed hydrogels when exposed to
different temperatures were recorded. The experiments were performed at least three times for
statistical analysis.

2.5. Characterization Techniques

Ultraviolet-visible (UV–Vis) analyses were performed by using a Lambda 365 spectrometer
(scanning rate 240 nm/min, Perkin-Elmer, Waltham, MA, USA). The Fourier transform infrared (FTIR)
spectra of the samples were recorded by a Nicolet 6700 spectrometer (Thermo-Fisher, Waltham, MA,
USA). Transmission electron microscopy (TEM) images were obtained with a TH7700 microscope
(JEOL, Tokyo, Japan) with an accelerating voltage of 200 kV. Atomic force microscopy (AFM) images
were acquired with a NanoWizard 3 atomic force microscope (JPK Instruments, Berlin, Germany).
Scanning electron microscopy (SEM) images were obtained with a JSM-6700F microscope (JEOL, Tokyo,
Japan). The resistances were detected by a modified multimeter whose probe head was shaped into a
pointed needle with a flat elliptical surface.

3. Results and Discussion

3.1. Characterizations of GO and CMC/rGO

The morphologies of GO and CMC/rGO were first characterized by TEM and AFM, and the
results are shown in Figure 1. A TEM micrograph of GO nanosheets is shown in Figure 1a. It is clear
that the GO nanosheets exhibited an extended thin film with a wrinkled surface, which prevented the
collapse of GO back into a graphite structure [23]. The cross-sectional view towards the AFM image of
the exfoliated GO (Figure 1c,e) shows that GO presented an ultrathin lamellar structure with a height
of 0.5–1 nm, which is consistent with the reported thickness of GO in previous AFM studies [24].

CMC with amino groups was introduced to reduce hydrophilic GO, and thus improve the
conductivity of the hydrogels [25]. TEM images showed the presence of dark patches after the
combination of GO with CMC (Figure 1b). We suggest that the increased thickness of the graphene
sheets indicates that GO nanosheets were covered by CMC. In addition, both wrinkles and a closed
layer structure can be seen in the obtained AFM image (Figure 1d). The observed morphology of
CMC/rGO can be ascribed to the formation of amide bonds between the amino groups of CMC and
the oxygen groups of GO [26,27].

The effect of CMC concentration on the reduction efficiency of CMC/rGO was investigated.
Various ratios GO to CMC (GO/CMC; e.g., 1/0.5, 1/1, 1/2, 1/4, 1/8, 1/16, and 1/32) were designed
and studied. As the ratio decreased, the color of the CMC/rGO solution gradually changed from
light yellow to dark black, indicating that GO was reduced effectively. However, when the ratio of
GO/CMC was 1/32, the solution exhibited poor solubility. UV–Vis absorption spectra showed that the
absorbance strength of CMC/rGO increased as the CMC content increased (Figure 2a). Considering
the reducibility and solubility of CMC/rGO, the ratio GO/CMC 1/16 was selected for follow-up
experiments. The intense peak at a 230 nm wavelength is the characteristic peak of GO, which is
related to the π–π* transition of C=C [28]. The small shoulder at a 304 nm wavelength relates to
the n–π* transition of C=O [29]. After the addition of CMC, the peak at 230 nm shifted to 260 nm,
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suggesting the successful reduction of GO. The shift of the UV–Vis absorption peak is ascribed to the
restoration of both electronic conjugation and sp2 graphitic carbons within graphene sheets after a
chemical reaction [30].
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Figure 1. Transmission electronic microscopy (TEM) image of (a) graphene oxide (GO) and (b)
carboxymethyl chitosan (CMC)/reduced GO (rGO). Atomic force microscopy (AFM) images and
corresponding section analyses of (c,e) GO and (d,f) CMC/rGO.

Raman analysis was applied to investigate the GO layers and the CMC attachment on GO
(Figure 2b). The characteristic peaks of GO in the Raman spectrum from 1000 to 2000 cm−1 are related
to D and G bands located at 1358 and 1595 cm−1, respectively [31,32]. The G band of single-layered
GO and multi-layered GO (2–6 layers) were at 1585 and 1594 cm−1, respectively. Here, the D- and
G-band peaks of GO were located at 1326 and 1597 cm−1, respectively. After reduction by CMC was
performed, the peaks of GO remained at the same position, which indicates that multilayered GO
sheets were synthesized and retained the same structure. In addition, the intensity ratio of D to G band
(ID/IG) can be used to assess the reduction degree of rGO. In this work, the value of ID/IG changed
from 0.7 to 1.0, indicating the attachment of CMC onto GO, and the successful reduction of GO to rGO.
The size of D- and G-band shifts and the change of the ID/IG ratio revealed that GO was successfully
functionalized with CMC.

The FTIR spectra in Figure 2c show the functional groups of GO, which exhibit rich
oxygen-functional groups. The existences of O–H, C=O, and C–O groups of GO were confirmed
by the absorption peaks at 3402, 1740, and 1090 cm−1, respectively. As for CMC/rGO, most of the
vibration peaks of GO and CMC/rGO were overlapped. The peak of C=O groups disappeared, and the
peak intensities of other oxygen-functional groups noticeably decreased. The obtained results proved
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that the carboxylic groups of GO reacted with the NH2 groups in CMC. Based on the above FTIR
results, we suggest that CMC was successfully conjugated onto rGO.Sensors 2018, 18, x 5 of 10 
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Figure 2. Structure characterizations of GO, CMC/rGO, and poly(N-isopropylacrylamide)
(PNIPAm)/CMC/rGO hydrogel: (a) UV–Vis absorption spectra of GO and CMC/rGO with different
CMC additions by adjusting GO/CMC to 1/16, 1/8, 1/4, and 1/2; (b) Raman spectra; and (c) Fourier
transform infrared (FTIR) spectra.

3.2. Morphological Characterizations of PNIPAm/CMC/rGO DN Hydrogels

After the integration of CMC/rGO hybrids into PNIPAm hydrogels, the structure properties of
the fabricated DN hydrogels were further characterized by Raman and FTIR (Figure 2b,c). The typical
peaks of GO in Raman spectra remained at the same position, and the ID/IG ratio was at 1.0. In the
FTIR spectra, the characteristic peaks of PNIPAm could be observed, even though some of them were
overlapped by the spectrum of CMC/rGO nanohybrids. It is suggested that the PNIPAm/CMC/rGO
DN hydrogels were successfully prepared.

The SEM image of the PNIPAm hydrogels displays a homogeneous polymer surface without
micropores (Figure 3a). The PNIPAm hydrogel had high cross-linking density. While for the
PNIPAm/CMC hydrogel, a porous structure appeared on the surface due to the addition of
CMC molecules (Figure 3b). With the addition of CMC molecules, the cross-linking sites in the
PNIPAm/CMC hydrogels decreased, and the cross-linking density of the hydrogels appeared
to be lowered. Furthermore, when the DN was formed in the PNIPAm/CMC/rGO hydrogels,
porous structures with large pore size were created (Figure 3c). The micropores in the DN
hydrogels exhibited a more uniform shape and were more obvious than those of PNIPAm/CMC
hydrogels. This phenomenon can be attributed to the integration of GO and DN in the
PNIPAm/CMC/rGO hydrogels.

Figure 3d–f represent the possible network structures of the three types of hydrogels. In the
PNIPAm hydrogel, NIPAm molecules lead to densely packed cross-linking networks [33]. In the
PNIPAm/CMC hydrogel, the CMC molecules hindered the formation of hydrogel and led to a porous
network structure. With the addition of CMC/rGO into the PNIPAm hydrogel, a DN hydrogel was
fabricated. One network comes from the cross-linked NIPAm molecules, and the other originates from
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the connection of CMC molecules to GO. The CMC molecules are connected via an aminocarbonyl
reaction onto GO nanosheets. Additionally, the hydrogen bonds between PNIPAm and CMC molecules
promote the formation of DN structure.
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Figure 3. SEM images of (a) PNIPAm; (b) PNIPAm/CMC; and (c) PNIPAm/CMC/rGO hydrogels.
(d–f) Schematic representation of the (d) PNIPAm; (e) PNIPAm/CMC; and (f) PNIPAm/CMC/
rGO hydrogels.

3.3. Compressibility and Pressure Sensing

Unlike the traditional PNIPAm hydrogels which are brittle and rigid [34], the PNIPAm/CMC/rGO
DN hydrogels showed good compressibility and flexibility (Figure 4a,b). The as-prepared hydrogels
could be compressed to a great extent, and the original shape returned after the pressure was released.
When the hydrogels present a sheet structure, they could also be bent as easily as rubber, indicating
that the PNIPAm/CMC/rGO hydrogels were flexible as elastic materials.

Moreover, the stress–strain curves of hydrogels were analyzed, as shown in Figure 4d.
The PNIPAm hydrogel and the PNIPAM/CMC hydrogel exhibited the compression strengths
0.376 MPa and 0.378 MPa, respectively. A higher compression strength (0.754 MPa) was obtained
by the PNIPAm/CMC/rGO hydrogels without damage, which indicates that the compression
property of the PNIPAm/CMC/rGO hydrogels was approximately double that of PNIPAm and
PNIPAm/CMC hydrogels.

In addition, the cyclic compression of the PNIPAm/CMC/rGO hydrogels was studied, and the
results are shown in Figure 4e. It was found that the formed PNIPAm/CMC/rGO hydrogels had
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good compressibility and recyclability, and could endure an infinite number of stress cycles. As for the
PNIPAm hydrogel and PNIPAm/CMC hydrogels, cracks occurred within 5 cycles. The above data
confirms that the PNIPAm/CMC/rGO hydrogels displayed better cyclic compressibility.

The pressure sensing characteristic of the PNIPAm/CMC/rGO hydrogels was investigated.
Figure 4c shows a typical plot of relative variation in resistance as a function of applied strains.
The hydrogels exhibited a continued decrease in resistance when the maximal strain reached 80%,
which may indicate that the continuous layer structure of GO and the tight DN structure of hydrogels
improved the continuous electronic transmission, and thus resulted in pressure sensing.

We suggest that the deformation process of the hydrogel consists of two steps. In the first step (lower
than 40% strain), the modulus increases steadily with the stress. Due to the stretch of the PNIPAm
network in the vertical direction, the deformation is perpendicular to the compression direction.
In this way, the energy absorption can enhance the mechanical properties of PNIPAm/CMC/rGO
hydrogels. In the second step (higher than 40% strain), the modulus increases drastically with the
stress. This is likely attributable to the stretch of the second network of CMC/rGO in the vertical
direction and the breaking of the hydrogen bonds between the two networks. This unique network
structure of the composite hydrogels showed a high pressure response, and exhibited sensitive and
stable resistance–compression sensitivity.
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Figure 4. (a) Compressibility and (b) bendability of PNIPAm/CMC/rGO hydrogels. Pressure sensing
of PNIPAm/CMC/rGO hydrogel: (c) Resistance-strain curves (the light blue bands are the error bars
for the values); (d) Compression stress–strain curves; and (e) cyclic compression stress–strain curves of
PNIPAm/CMC/rGO hydrogels. (f) Schematic drawing of the compression process.
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3.4. Temperature Sensing

PNIPAm endowed the PNIPAm/CMC/rGO hydrogels with excellent thermosensitivity. GO was
reduced by the amino groups of CMC, which thus improved the conductivity of the fabricated
hydrogels. All these properties are helpful to develop skin-like devices for temperature sensing. It was
found that both PNIPAm and PNIPAm/CMC/rGO hydrogels exhibited excellent thermosensitivity,
as shown in Figure 5a,b. The PNIPAm hydrogels were transparent, with swelling below the critical
temperature (32 ◦C) and diffusing above this temperature, while the colour of the PNIPAm/CMC/rGO
hydrogels did not noticeably change with the temperature due to the additional colour effect of
graphene nanosheets.Sensors 2018, 18, x 8 of 10 
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Figure 5. The thermosensitivity of hydrogels: (a) PNIPAm; (b) PNIPAm/CMC/rGO;
(c) Resistance-temperature cycling curves of PNIPAm/CMC/rGO hydrogels.

Previously, some of the reported materials showed a basic temperature sensitivity, but did not
allow for temperature sensing [35]. It should be noted that the created PNIPAm/CMC/rGO DN
hydrogels displayed cyclic resistive changes (1.86–0.34–2.03 MΩ) during repeated heating and cooling
(Figure 5c), due to their thermosensitivity and conductivity. During the cooling process, the resistance
of hydrogels basically recovered its original value, indicating that the temperature sensing of the
hydrogels had good stability and repeatability. Moreover, the temperature sensing could be realized
without any external stimulus (e.g., UV light) [36,37]. Therefore, the created DN hydrogels could be
used to produce nano/micro-devices for detecting the temperature of the human body.

4. Conclusions

In summary, novel DN hydrogels, PNIPAm/CMC/rGO, were designed and developed using
a facile procedure. The rGO integrated in the hydrogels, as well as the combination of dense
PNIPAm networks and ductile CMC/rGO networks, improved the compressibility and flexibility
of the PNIPAm/CMC/rGO DN hydrogels to a great extent. The first network provided sacrificial
bonds and dissipated energy, whereas the second network endowed the hydrogels with elasticity
and conductivity. The fabricated DN hydrogels exhibited good conductivity, temperature-sensitivity,
and compressibility, which allowed both pressure and temperature sensing with a wide resistance
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change. These findings proved the potential applications of rGO-based DN hydrogels in multiple
sensing fields.

Author Contributions: W.L. designed and performed the experiments; X.Z. analyzed the data; Z.S. contributed
experimental materials and analysis tools; G.W. optimized the data analysis; W.L. and X.Z. wrote the paper under
the supervision of Z.S. and G.W.

Funding: The authors gratefully acknowledge the financial supports from the National Natural Science
Foundation of China (NSFC, Grant No. 51573013, 51873016).

Acknowledgments: Xiaoyuan Zhang gives thanks to China Scholarship Council (CSC) for PhD scholarship.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Albertsson, A.; Voepel, J.; Edlund, U.; Dahlman, O.; Söderqvist-Lindblad, M. Design of renewable hydrogel
release systems from fiberboard mill wastewater. Biomacromolecules 2010, 11, 1406–1411. [CrossRef] [PubMed]

2. Miyazaki, S.; Endo, H.; Karino, T.; Haraguchi, K.; Shibayama, M. Gelation Mechanism of
Poly(N-isopropylacrylamide)-Clay Nanocomposite Gels. Macromolecules 2007, 40, 4287–4295. [CrossRef]

3. Zhang, Y.; Li, Y.; Liu, W. Dipole–Dipole and H-Bonding Interactions Significantly Enhance the Multifaceted
Mechanical Properties of Thermoresponsive Shape Memory Hydrogels. Adv. Funct. Mater. 2015, 25, 471–480.
[CrossRef]

4. Lin, C.; Gitsov, I. Preparation and characterization of novel amphiphilic hydrogels with covalently attached
drugs and fluorescent markers. Macromolecules 2010, 43, 10017–10030. [CrossRef]

5. Söntjens, S.H.M.; Nettles, D.L.; Carnahan, M.A.; Setton, L.A.; Grinstaff, M.W. Biodendrimer-based hydrogel
scaffolds for cartilage tissue repair. Biomacromolecules 2006, 7, 310–316. [CrossRef] [PubMed]

6. Balakrishnan, B.; Banerjee, R. Biopolymer-based hydrogels for cartilage tissue engineering. Chem. Rev. 2011,
111, 4453–4474. [CrossRef] [PubMed]

7. Lake, G.J.; Thomas, A.G. The strength of highly elastic materials. Proc. R. Soc. Lond. A 1967, 300, 108–119.
[CrossRef]

8. Naficy, S.; Brown, H.R.; Razal, J.M.; Spinks, G.M. Progress toward robust polymer hydrogels. Aust. J. Chem.
2011, 64, 1007–1025. [CrossRef]

9. Fung, Y.C. Biomechanics: Mechanical Properties of Living Tissues, 2nd ed.; Springer: Berlin, Germany, 2013.
10. Mente, P.L.; Lewis, J.L. Elastic modulus of calcified cartilage is an order of magnitude less than that of

subchondral bone. J. Orthop. Res. 1994, 12, 637–647. [CrossRef] [PubMed]
11. Gong, J.P.; Katsuyama, Y.; Kurokawa, T.; Osada, Y. Double-network hydrogels with extremely high

mechanical strength. Adv. Mater. 2003, 15, 1155–1158. [CrossRef]
12. Gong, J.P. Why are double network hydrogels so tough? Soft Matter 2010, 6, 2583–2590. [CrossRef]
13. Haque, M.A.; Kurokawa, T.; Kamita, G.; Gong, J.P. Lamellar bilayers as reversible sacrificial bonds to toughen

hydrogel: Hysteresis, self-recovery, fatigue resistance, and crack blunting. Macromolecules 2011, 44, 8916–8924.
[CrossRef]

14. Hu, J.; Hiwatashi, K.; Kurokawa, T.; Liang, S.M.; Wu, Z.L.; Gong, J.P. Microgel-reinforced hydrogel films with
high mechanical strength and their visible mesoscale fracture structure. Macromolecules 2011, 44, 7775–7781.
[CrossRef]

15. Suekama, T.C.; Hu, J.; Kurokawa, T.; Gong, J.P.; Gehrke, S.H. Double-network strategy improves fracture
properties of chondroitin sulfate networks. ACS Macro Lett. 2013, 2, 137–140. [CrossRef]

16. Chen, Q.; Chen, H.; Zhu, L.; Zheng, J. Fundamentals of double network hydrogels. J. Mater. Chem. B 2015,
3, 3654–3676. [CrossRef]

17. Nakajima, T.; Furukawa, H.; Tanaka, Y.; Kurokawa, T.; Gong, J.P. Effect of void structure on the toughness of
double network hydrogels. J. Polym. Sci. Part B Polym. Phys. 2011, 49, 1246–1254. [CrossRef]

18. Waters, D.J.; Engberg, K.; Parke-Houben, R.; Ta, C.N.; Jackson, A.J.; Toney, M.F.; Frank, C.W. Structure and
mechanism of strength enhancement in interpenetrating polymer network hydrogels. Macromolecules 2011,
44, 5776–5787. [CrossRef]

19. Huang, P.; Chen, W.; Yan, L. An inorganic–organic double network hydrogel of graphene and polymer.
Nanoscale 2013, 5, 6034–6039. [CrossRef] [PubMed]

http://dx.doi.org/10.1021/bm100253e
http://www.ncbi.nlm.nih.gov/pubmed/20415470
http://dx.doi.org/10.1021/ma070104v
http://dx.doi.org/10.1002/adfm.201401989
http://dx.doi.org/10.1021/ma102044n
http://dx.doi.org/10.1021/bm050663e
http://www.ncbi.nlm.nih.gov/pubmed/16398530
http://dx.doi.org/10.1021/cr100123h
http://www.ncbi.nlm.nih.gov/pubmed/21417222
http://dx.doi.org/10.1098/rspa.1967.0160
http://dx.doi.org/10.1071/CH11156
http://dx.doi.org/10.1002/jor.1100120506
http://www.ncbi.nlm.nih.gov/pubmed/7931780
http://dx.doi.org/10.1002/adma.200304907
http://dx.doi.org/10.1039/b924290b
http://dx.doi.org/10.1021/ma201653t
http://dx.doi.org/10.1021/ma2016248
http://dx.doi.org/10.1021/mz3006318
http://dx.doi.org/10.1039/C5TB00123D
http://dx.doi.org/10.1002/polb.22293
http://dx.doi.org/10.1021/ma200693e
http://dx.doi.org/10.1039/c3nr00214d
http://www.ncbi.nlm.nih.gov/pubmed/23715534


Sensors 2018, 18, 3162 10 of 10

20. Li, D.; Liu, T.; Yu, X.; Wu, D.; Su, Z. Fabrication of Graphene–Biomacromolecule Hybrid Materials for Tissue
Engineering Application. Polym. Chem. 2017, 8, 4309–4321. [CrossRef]

21. Ding, J.; Sun, W.; Wei, G.; Su, Z. Cuprous Oxide Microspheres on Graphene Nanosheets: An Enhanced
Material for Non-Enzymatic Electrochemical Detection of H2O2 and Glucose. RSC Adv. 2015, 5, 35338–35345.
[CrossRef]

22. Yu, X.; Liu, W.; Deng, X.; Yan, S.; Su, Z. Gold Nanocluster Embedded Bovine Serum Albumin
Nanofibers-Graphene Hybrid Membranes for the Efficient Detection and Separation of Mercury Ion.
Chem. Eng. J. 2018, 335, 176–184. [CrossRef]

23. Emadi, F.; Amini, A.; Gholami, A.; Ghasemi, Y. Functionalized graphene oxide with chitosan for protein
nanocarriers to protect against enzymatic cleavage and retain collagenase activity. Sci. Rep. 2017,
7, 42258–42270. [CrossRef] [PubMed]

24. Pan, Q.; Lv, Y.; Williams, G.R.; Tao, L.; Yang, H.; Li, H.; Zhu, L. Lactobionic acid and Carboxymethyl Chitosan
Functionalized Graphene Oxide Nanocomposites as Targeted Anticancer Drug Delivery Systems. Carbohydr.
Polym. 2016, 151, 812–820. [CrossRef] [PubMed]

25. Chuang, W.Y.; Yang, S.Y.; Wu, W.J.; Lin, C.T. A Room-Temperature Operation Formaldehyde Sensing
Material Printed Using Blends of Reduced Graphene Oxide and Poly(methyl methacrylate). Sensors 2015,
15, 28842–28853. [CrossRef] [PubMed]

26. Yang, H.; Bremner, D.H.; Tao, L.; Li, H.; Hu, J.; Zhu, L. Carboxymethyl Chitosan-Mediated Synthesis of
hyaluronic Acid-Targeted Graphene Oxide for Cancer Drug Delivery. Carbohydr. Polym. 2016, 135, 72–78.
[CrossRef] [PubMed]

27. Han, D.; Yan, L. Supramolecular Hydrogel of Chitosan in the Presence of Graphene Oxide Nanosheets as 2D
Cross-Linkers. ACS Sustain. Chem. Eng. 2013, 2, 296–300. [CrossRef]

28. Marcano, D.C.; Kosynkin, D.V.; Berlin, J.M.; Sinitskii, A.; Sun, Z.; Slesarev, A.; Alemany, L.B.; Lu, W.; Tour, J.M.
Improved Synthesis of Graphene Oxide. ACS Nano 2010, 4, 4806–4814. [CrossRef] [PubMed]

29. Wei, Y.; Wang, J.; Li, H.; Zhao, M.; Zhang, H.; Guan, Y.; Huang, H.; Mi, B.; Zhang, Y. Partially reduced
graphene oxide and chitosan nanohybrid membranes for selective retention of divalent cations. RSC Adv.
2018, 8, 13656–13663. [CrossRef]

30. Vusa, C.; Berchmans, S.; Alwarappan, S. Facile and green synthesis of graphene. RSC Adv. 2014, 4, 22470–22475.
[CrossRef]

31. Zhang, P.; Zhang, X.; Zhang, S.; Lu, X.; Li, Q.; Su, Z.; Wei, G. One-pot Green Synthesis, Characterizations,
and Biosensor Application of Self-Assembled Reduced Graphene Oxide-Gold Nanoparticle Hybrid
Membranes. J. Mater. Chem. B 2013, 1, 6525–6531. [CrossRef]

32. Zhang, P.; Huang, Y.; Lu, X.; Zhang, S.; Li, J.; Wei, G.; Su, Z. One-step Synthesis of Large-Scale Graphene
Film Doped with Gold Nanoparticles at Liquid-Air Interface for Electrochemistry and Raman Detection
Applications. Langmuir 2014, 30, 8980–8989. [CrossRef] [PubMed]

33. Shi, Y.; Ma, C.; Peng, L.; Yu, G. Conductive “smart” hybrid hydrogels with PNIPAM and nanostructured
conductive polymers. Adv. Funct. Mater. 2015, 25, 1219–1225. [CrossRef]

34. Haq, M.A.; Su, Y.; Wang, D. Mechanical properties of PNIPAM based hydrogels: A review. Mater. Sci. Eng. C
2017, 70, 842–855. [CrossRef] [PubMed]

35. Wang, X.; Zeng, M.; Yu, Y.H.; Wang, H.; Mannan, M.S.; Cheng, Z. Thermosensitive ZrP-PNIPAM Pickering
Emulsifier and the Controlled-Release Behavior. ACS Appl. Mater. Interfaces 2017, 9, 7852–7858. [CrossRef]
[PubMed]

36. Yu, J.; Lewis, E.; Brambilla, G.; Wang, P. Temperature Sensing Performance of Microsphere Resonators.
Sensors 2018, 18, 2515. [CrossRef] [PubMed]

37. Wang, Z.; Zhang, P.; Yuan, Q.; Xu, X.; Lei, P.; Liu, X.; Su, Y.; Dong, L.; Feng, J.; Zhang, H. Nd3+-sensitized
NaLuF4 luminescent nanoparticles for multimodal imaging and temperature sensing under 808 nm
excitation. Nanoscale 2015, 7, 17861–17870. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1039/C7PY00935F
http://dx.doi.org/10.1039/C5RA04164C
http://dx.doi.org/10.1016/j.cej.2017.10.148
http://dx.doi.org/10.1038/srep42258
http://www.ncbi.nlm.nih.gov/pubmed/28186169
http://dx.doi.org/10.1016/j.carbpol.2016.06.024
http://www.ncbi.nlm.nih.gov/pubmed/27474628
http://dx.doi.org/10.3390/s151128842
http://www.ncbi.nlm.nih.gov/pubmed/26580624
http://dx.doi.org/10.1016/j.carbpol.2015.08.058
http://www.ncbi.nlm.nih.gov/pubmed/26453853
http://dx.doi.org/10.1021/sc400352a
http://dx.doi.org/10.1021/nn1006368
http://www.ncbi.nlm.nih.gov/pubmed/20731455
http://dx.doi.org/10.1039/C8RA01916A
http://dx.doi.org/10.1039/C4RA01718H
http://dx.doi.org/10.1039/c3tb21270j
http://dx.doi.org/10.1021/la5024086
http://www.ncbi.nlm.nih.gov/pubmed/25015184
http://dx.doi.org/10.1002/adfm.201404247
http://dx.doi.org/10.1016/j.msec.2016.09.081
http://www.ncbi.nlm.nih.gov/pubmed/27770962
http://dx.doi.org/10.1021/acsami.6b16690
http://www.ncbi.nlm.nih.gov/pubmed/28032975
http://dx.doi.org/10.3390/s18082515
http://www.ncbi.nlm.nih.gov/pubmed/30071679
http://dx.doi.org/10.1039/C5NR04889C
http://www.ncbi.nlm.nih.gov/pubmed/26461070
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Synthesis of GO, CMC/rGO, and DN Hydrogels 
	Compressibility of Hydrogels 
	Pressure and Temperature Sensing 
	Characterization Techniques 

	Results and Discussion 
	Characterizations of GO and CMC/rGO 
	Morphological Characterizations of PNIPAm/CMC/rGO DN Hydrogels 
	Compressibility and Pressure Sensing 
	Temperature Sensing 

	Conclusions 
	References

