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h poly(vinyl alcohol)/graphene
oxide nanocomposite hydrogels for potential
biomedical applications

Qiaomei Luo, Yangyang Shan, Xia Zuo and Jiaqi Liu *

Hydrogels, one of the most important bioinspired materials, are receiving increasing attention because of

their potential applications as scaffolds for artificial tissue engineering and vehicles for drug delivery, etc.

However, these applications are always severely limited by their microstructure and mechanical behavior.

Here we report the fabrication of a tough polyvinyl alcohol/graphene oxide (PVA/GO) nanocomposite

hydrogel through a simple and effective directional freezing–thawing (DFT) technique. The resulting

hydrogels show well-developed anisotropic microstructure and excellent mechanical properties with the

assistance of DFT method and lamellar graphene. The hydrogels with anisotropic porous structures that

consisted of micro-sized fibers and lamellas exhibit high tensile strengths, up to 1.85 MPa with a water

content of 90%. More interestingly, the PVA/GO composite hydrogels exhibit the better thermostability,

which can maintain the original shape when swollen in hot water (65 �C). In addition, the hydrogels with

biocompatibility show good drug release efficiency due to the unique hierarchical structure. The

successful synthesis of such hydrogel materials might pave the way to explore applications in biomedical

and soft robotics fields.
Introduction

Hydrogels, dened as a unique so material with 3D gel
networks, have a number of applications in the biomedical and
industrial elds.1–3 Compared with many biological gels with
well-developed microstructures, the normal synthetic hydrogels
and their lower mechanical strength, due to the structural
inhomogeneity in their network,4 further impede their further
practical utilization. In recent years, many efforts have been
focused on enhancing the mechanical properties of hydrogels.
Five typical tough hydrogels, topological (TP) gel or slide-ring
(SR) gel,5 nanocomposite (NC) gel,6 double network (DN) gel,7

tetra-arm polyethylene glycol (PEG) based gel,8 and macromo-
lecular microsphere composite (MMC) gel,9,10 have been devel-
oped successively. But only a few hydrogels based on the DN
and MMC gels with water content of 70–85% exhibit high
mechanical strength,2,9 and most of the resulting hydrogels are
isotropic in both microstructure and properties.

Poly(vinyl alcohol) (PVA) hydrogels have drawn greater
attention in biomedical elds because of their non-toxicity,
biocompatibility and good mechanical properties. And most
of PVA hydrogels can be prepared by traditional repeated
freezing and thawing (FT) method.11 Directional freezing–
thawing technique (DFT) can possibly developed PVA hydrogels
with anisotropic mechanical properties.12–14 But the
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conventional hydrogels in practical applications are also
limited by their isotropic microstructure and poor mechanical
properties, especially in much higher water content.

In the past ten years, many efforts have been made to
fabricate graphene or graphene oxide (GO) composite hydrogels
with excellent mechanical properties due to its extraordinary
electronic, thermal, and mechanical properties.15–17 For
instance, Shi et al. have reported a new composite hydrogel with
GO and PVA,18 which depends on the assembly of GO sheets and
the cross-linking effect of PVA chains via hydrogen bonding as
the dominant force but did not demonstrate its capability
strength. Huang and co-workers prepared a GO/PVA composite
hydrogel with water content of 82% by a freeze/thaw method,
improving the mechanical properties (132% increasing in
tensile strength) with the addition of 0.8 wt% of GO.19 In this
case, the GO nanosheets also act as physical crosslinked agent
by hydrogen bonds. However, the hydrogels do not show
anisotropic in bothmicrostructure and properties. And the well-
dened hierarchical design of tough hydrogels with high water
content has not been achieved. Our group reports a jellysh-like
material employing PVA/GO hydrogel,18,20 the biomimetic gel
exhibits excellent mechanical properties (0.17 MPa in tensile
strength) with super-high water of 97%. Based on the
mentioned above, we thus surmised that the tough hydrogels
could be obtained if graphene sheets were incorporated into the
polymer matrix orderly with assistance of DFT method and
excellent thermal property of graphene sheets.
This journal is © The Royal Society of Chemistry 2018
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In the present work, we rst attempted to synthesize the PVA/
GO composite hydrogel with micro-structure and macro-
properties by DFT technique. The resulting hydrogels with
high water content of 90% show excellent tensile properties.
More importantly, the PVA/GO gels show aligned hierarchical
microstructure and anisotropic mechanical properties with
assistance of DFT method and lamellar graphene. In addition,
the applications of drug released and biocompatibility were
investigated.
Experimental
Materials and methods

PVA was supplied by the Sinopharm Chemical Reagent Co, Ltd.
(Shanghai, China). Graphene oxide was synthesized from the
modied Hummers' method,19,30 and the specic preparation
process was reported in our previous work. The GO aqueous
solutions with different concentrations were obtained by
dispersing GO in deionized water by ultrasonication and
mechanically stirring at room temperature (RT) for 2 hours until
the mixture remained continuous occulent and without
signicant solid material when shaking gently. Reagents for
uorescence and breeding of HeLa cells were also commercially
available. All other reagents were analytical reagent grade and
purchased from Beijing Chemical Reagent Company (Beijing,
China) without further purication. Puried water was used
throughout all the experiments.
Synthesis of hydrogels

The anisotropic PVA/GO composite hydrogels with high
mechanical strength were prepared with the directional
freezing–thawing (DFT) method. Specically, 10 g of the PVA
was accurately weighed and swollen into 90 mL of deionized
water for 12 h at RT, and then the mixture was transferred to
a 200 mL three-necked ask and heated to 90 �C for 4–5 hours
under mechanical agitation until PVA solution was completely
dissolved. Then the PVA solution was diluted to 10% with
different concentrations of GO aqueous solution under the
stirring evenly and ultrasonic treatment aer the dissolved
solution cooled nearly to RT, naturally, concentrations of well-
dispersed PVA/GO mixed solutions were obtained. Eventually,
the PVA/GO colloidal dispersions were transferred into molds
and immersed into directional refrigeration device with suit-
able working speed till the ice crystal grew to the upper edge of
the mold, aer then, a directional freezing experiment was
nished. Aer placed at RT for 2 h, the next freeze could be
carried out. In this work, the freezing number was designed to
2–5 times.

For comparison, PVA hydrogels without GO were also ob-
tained by using the same DFT method, in addition, the normal
PVA/GO hydrogels were prepared with traditional repeated
freezing and thawing (FT) method, the details were that freezing
PVA/GO mixture at �20 �C for 12 h, and then thawed it at 25 �C
for 2 h. Finally, the steps were repeated for several times to
obtain the FT PVA/GO hydrogel samples.
This journal is © The Royal Society of Chemistry 2018
Characterization

Scanning electron microscopy (SEM) investigation. The
samples cut from the as prepared PVA/GO hydrogels were
immersed into liquid nitrogen for about 30 min and then
subsequently freeze dried in a FD-1B-50 vacuum freeze dryer
(Beijing Boyikang Laboratory Apparatus Co., Ltd., Beijing,
China) for about 48 h. The freeze-dried samples were cut along
the directions parallel and perpendicular to the freezing direc-
tion, respectively. And then the fresh surfaces were exhibited
and sputter coated with Pt for 1 min to observe the micro-
structure by a scanning electron microscope (Hitachi S-4800,
Tokyo, Japan).

Mechanical testing. The hydrogel samples were cut into
dumbbell shaped specimens from directions parallel and
perpendicular to the freezing direction and standardized as
DIN-53504 S3 for tensile testing, and an Instron 3366 electronic
universal testing machine (Instron Corporation, MA, USA) with
100 N load cells was employed for this test. The specic method
including tensile stress (st), tensile strain (3t), fracture tensile
stress (sb), fracture tensile strain (3b) and elastic modulus (E)
were dened and calculated as described in our previous work.10

During the mechanical measurements, at least three specimens
were tested to receive reliable data.

FTIR characterization. Fourier-transform infrared (FTIR)
characterization was performed with a Nicolet-380 FTIR spec-
trometer (USA) using the KBr method in the range of 400–
4000 cm�1.

Swelling performance. The PVA/GO composite hydrogel
samples with water content of 90 wt% were cut into small
pieces, then accurately weighed and placed them in the wire
mesh in 65 �C water bath. Aer then gel samples were taken out
continuously at regular intervals with absorbing of water
droplets on the surface by lter paper. Finally, the quality of gels
was weighed exactly until it remained substantially stable
without changing. Then the mass change curves of the gel
samples were obtained at different swollen times.

Biocompatibility examination. Firstly, the gel samples were
cut into akes with appropriate size and put them into the Petri
dishes sterilized under the UV lamp irradiation for more than
30 min, aer then the samples were removed into the clean
bench, meaning the sterilization treatment was completed.
Aerwards, the sterilized gel samples were soaked in bovine
serum culture medium for 24 h, and observed the system under
the microscope to ensure that the culture medium was not
contaminated. At last, HeLa cells were adherent incubated on
a gel samples and the growing situation of cells was observed by
a microscope at regular intervals.

Drug release performance. Firstly, 3 mmol L�1 of the
common vitamin B12 (VB12) used as the drugmodel was loaded
into PVA/GO mixed solution, then the PVA/GO/VB12 composite
hydrogels were prepared by DFT. A certain size of the composite
gel samples was cut and swollen into 20 mL PBS buffer and HCl
solution with pH of 7.4 and 1.7, respectively. Finally, 3.5 mL
solution was removed from the swelling system at intervals for
UV-Vis spectroscopy. Aer then the drug release concentration
RSC Adv., 2018, 8, 13284–13291 | 13285
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and release rate were calculated according to the absorption
curves.
Fig. 1 Photographs of the PVA/GO solutions (a), dumbbell-shaped
PVA/GO hydrogel specimens (b) with different GO concentrations
(GO0, GO2, GO4 and GO8). SEM micrographs of PVA/GO hydrogel
prepared with DFT method from the directions front (c and d), side (e)
and bottom (f) to the freezing direction indicated with white arrows.
(c–f) PVA10/GO8 hydrogel.
Results and discussion

We employed a versatile, simple and inexpensive technique to
prepare PVA/GO composite hydrogels, namely, Directional
freezing–thawing (DFT) method,14,21 many water-soluble poly-
mers and composite materials with aligned macroporous
structures were successfully prepared by this freezing tech-
nique, including aqueous poly(vinyl alcohol) (PVA) solution. In
this present work, aligned microchannels in the PVA/GO
composite hydrogel have been formed as the growing of ice
crystals, and the strong interactions between the PVA chains
render its ability to sustain itself aer freezing treatment. More
importantly, GO sheets with many oxygen-containing func-
tional groups can be well dispersed in PVA matrix due to strong
H-bonding between graphene sheets and the PVA chains. The
composite PVA/GO with higher water content can be easily
achieved owing to the improvement in hydrophilicity with the
introduction of GO, which is the strongest material ever
measured.15–17 Herein, we successfully prepared a shbone-like
hydrogel material based on the directional freezing technique
and the unique 2D planar structure of GO. Fig. 1a–f presents the
typical macroscopic pictures and scanning electron microscope
(SEM) images of PVA/GO composite hydrogels with 90 wt%
water content. As shown in Fig. 1a and b, the color of the gels
changed from milky to black with the increase of GO concen-
trations (CGO) (0, 2, 4, and 8 mg mL�1), which was consistent
with the color of different concentrations of GO aqueous
dispersions. The photo provided direct evidence that the
homogeneous exfoliated of GO solutions could be well
dispersed in PVA matrix.

Moreover, according to the SEM images of as prepared PVA/
GO gel samples shown in Fig. 1c–f, the different directions of
PVA/GO gel samples were investigated, which located at the
micro-region of hydrogel sample, parallel and perpendicular to
the volatilize direction of liquid nitrogen. For example, the
freeze-dried samples show anisotropic macroporous structures
with alignedmicrochannels in the parallel direction (Fig. 1c and
d). This “shbone”morphology has been found in our previous
work,14 which prepared by the directional freezing of pure PVA
aqueous solutions. Differently, the resulting PVA/GO gel sample
in this case showed a much tight microporous structure, con-
sisting of a series of aligned microchannels parallel to the
freezing direction. One major reason was that the high water
content of hydrogel sample was employed (90 wt%) during the
freezing-dry process, when a large number of ice crystals
removed, amount of PVA chains build a 3D micropore structure
to form the gel. On the other hand, the large 2D lamellar of
graphene have ability to sustain the inner structure of hydrogel
to make sure the unique and regular microstructure can be
formed.22 However, it is difficult to observe the self-standing
graphene sheets in the SEM images, mainly attribute to large
numbers of PVA chains were dispersed into the polymer matrix
to cover or entangle the GO sheets.
13286 | RSC Adv., 2018, 8, 13284–13291
The aligned lamella microstructure also could be observed in
the vertical section along an aligned axis of the PVA/GO gel
sample and the SEM micrographs are shown in Fig. 1e. Aer
freezing process, the side surface of gel sample exhibited the
well-dened directional structure and the width of the aligned
channels could be varied from 5–10 mm. We proposed a feasible
mechanism for the formation of aligned lamella structure as
follows. In fact, the ice crystals are growing in 3D scale with the
volatilize direction of liquid nitrogen during the directional
freezing process. As schematically illustrated in Scheme 1, the
alignedmicrostructure could also be formed on the side surface
of sample, similar to the front surface. However, due to the
smaller cross-sectional area, the proportion of PVA crystalline
regions and graphene sheets began to decrease with wider
dispersion of phase separation than other side. When the larger
ice crystals removed, the highly ordered layer structure was
formed under the action of ice crystals.

Aer that, aligned tubular pores of approximately 10–20 mm
in diameter were observed from bottom of the gel sample using
SEM (Fig. 1f), which point one direction parallel to the growing
of ice crystals, among these microspores, both through- and
closed-holes can be observed in the SEM images. When the
freezing process completed, the removal of wedge ice template
by freeze drying can lead to the formation of tubular pore
structures (Scheme 1).

To further conrm these unique anisotropic microstruc-
tures, we carried out an interesting test employed two hydrogel
samples prepared by different freezing technique (Fig. 2).
Specically, the luminescence solution under UV light was
This journal is © The Royal Society of Chemistry 2018
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Scheme 1 Schematic presentation of the formation of microstructure
from different freezing direction.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
A

pr
il 

20
18

. D
ow

nl
oa

de
d 

on
 4

/2
6/

20
26

 1
0:

37
:0

7 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
injected slowly into the two samples with a microsyringe along
the freezing direction, aer then we found that a long and
narrow light path along the injection point was showed in the
middle of the sample prepared with DFT method, suggesting
that the formation of large and long channels aer freezing is
benecial to the diffusion of luminescence solution along
freezing direction, and another samples showed the random
diffusion aer injection, which is attributed to the formation of
disordered microstructure in the hydrogel through FT
treatment.

Besides the microstructure of the resulting hydrogels, we
also investigated the mechanical properties of PVA/GO
composites hydrogels. The number of DFT cycles and CGO are
Fig. 2 Photographs of two PVA/GO hydrogel specimens with DFT
(right) and FT (left) method after injection of luminescent material
under UV light. The red circles point the position of injection.

This journal is © The Royal Society of Chemistry 2018
the two important parameters to inuence the property of
hydrogels. In this work, to ensure the uniform dispersion of GO,
the maximum of CGO was selected as 8 mg mL�1. The water
content of the resulting hydrogels was 90%.

Specically, the tensile stress–strain curves in Fig. 3
summarized the tensile properties of three gel samples parallel
and perpendicular to the freezing direction from 2 DFT cycles to
5 DFT cycles. The fracture tensile stress (sb) and elastic modulus
(E) increase signicantly with the increasing of DFT cycle. In the
parallel direction, the sb increased from 0.60 MPa at 2 DFT
cycles to 1.80 MPa at 5 cycles. In the perpendicular direction,
the sb decrease to 0.40MPa aer 2 DFT cycles; while 1.30MPa at
5 DFT cycles. These results mentioned above show that the PVA/
GO composite hydrogel exhibit the anisotropic mechanical
properties prepared by DFT method.

Furthermore, the mechanical properties of resulting hydro-
gels with different CGO were investigated. As shown in Table 1,
the PVA/GO hydrogel had an obvious anisotropy in sb with the
increasing of CGO. In the parallel to the volatilize direction of
liquid nitrogen, the breaking strength of gel with 8 mgmL�1 GO
Fig. 3 Typical tensile stress–strain curves of PVA/GO8 hydrogels with
different DF cycles with direction freezing method (directions parallel
(a) and perpendicular (b) to the freezing direction).

RSC Adv., 2018, 8, 13284–13291 | 13287
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Table 1 The sb of the PVA and PVA/GO composite hydrogels in the
parallel (para.) and perpendicular (perp.) directions with DFT and FT
method

CPVA (wt%) CGO (mg mL�1)

sb (MPa)-DFT sb (MPa)-FT

Para. Perp. Para. Para.

10.0 2.0 1.05 0.72 0.95 0.90
10.0 4.0 1.42 0.90 1.45 1.38
10.0 8.0 1.85 1.15 1.72 1.76
10.0 0 0.55 0.40 0.58 0.52
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is up to 1.85 MPa, which is much higher than pure PVA gel
without GO (0.55 MPa). More interestingly, the more concen-
tration of GO in the polymer matrix, the bigger strength
difference in two freezing direction, which is 0.70 MPa at 8 mg
mL�1 and 0.15 MPa without GO. The possible reason is that the
excellent thermal conductivity of GO sheets can make more PVA
crystallites to disperse in parallel directions.23 For comparison,
the PVA/GO hydrogel formed by TF method was also investi-
gated for its tensile properties. As shown in Table 1, the sb in
two directions had no signicant difference, indicating the
formation of isotropic gels. Furthermore, there are some
differences in mechanical properties between the FT and DFT
gels. For instance, the sb of DFT PVA/GO4 gel (1.42 MPa) is
lower than those of the FT gel (1.45 MPa), while the fracture
stress of DFT PVA/GO8 gel is higher than those of FT gel (1.72
MPa).

These results demonstrated that the DFT PVA/GO hydrogel
exhibit good mechanical properties in the presence of GO,
which can be attributed to its excellent original mechanical
strength and the formation of physical cross-links interactions
between graphene sheets and polymer chains. The breaking
strength of our gels is higher than other PVA gels at containing
water of 90% (Fig. 4),14,24,25 it might provide a possible for
fabricating some articial so tissues.

The thermostability properties of the nanocomposites
hydrogel are further improved in the presence of the more
oxygen groups among GO and PVAmolecules. Based on this, we
further investigated the swelling behavior of hydrogels at high
Fig. 4 A summary of the fracture strengths and elongations of
hydrogels with high mechanical strengths.

13288 | RSC Adv., 2018, 8, 13284–13291
temperature. Firstly, four gel samples with different CGO were
swollen in the hot water (65 �C), and the changes of sample
mass were recorded with the increasing of swelling time. As
shown in Fig. 5, at the beginning of the swelling, the sample
mass showed a slow rising trend due to absorbing more water to
reach to the swelling equilibrium. In this experiment, it is worth
to notice that the sample needs more time to achieve the
swelling equilibrium with the increasing of GO concentration,
which is mostly attributed to improvement of hydrophily aer
introduction of more oxygen-containing groups. For example,
the equilibrium swelling water contents of PVA/GO8 was 97%
aer swollen treatment for 220 min, which was much longer
than the other samples. Aer that, the gel samples began to be
dissolved with the increasing of swelling time, but the weight of
PVA/GO8 gel down to about 1.0 g and then remained almost
constant, while PVA/GO0 gel was almost dissolved totally. The
result indicated that the interaction between PVA chains and
graphene sheets26,27 can be benecial to the improvement of
thermostability for PVA/GO gels, mainly attributed to strong
intermolecular hydrogen bonds with PVA molecules (hydroxyl
groups) and GO sheets. A reliable evidence for the formation of
hydrogen bonding in the PVA/GO gel was revealed from FTIR
characterizations of GO, PVA, and PVA/GO hydrogels. As shown
in Fig. 6, FTIR spectrum of GO shows the typical absorption
bands attributed to hydroxyl (–OH), carbonyl (C]O) and car-
boxy (C–O) groups at 3375, 1593 and 1375 cm�1 stretches,20

while the bands for pure PVA and the PVA/GO samples shied
to 3429, 1631, 1388 cm�1, and 3419, 6131, 1384 cm�1, respec-
tively, suggesting the formation of hydrogen bonding between
GO sheets and PVA chains.

The excellent biocompatibility is the basic requirement for
hydrogel biomaterials in clinical application.28 We carried on
the preliminary evaluation for the biocompatibility of PVA/GO
composite hydrogels by a cell culture experiment. In this
study, we chose the HeLa as the passage cells. Specically, the
gel samples were soaked in the culture medium for 24 h, and
then a certain amount of HeLa cells were adhered to the gel
samples as substrate to carry on an adherent culture experiment
in the culture medium. As shown in Fig. 7, the morphological
changes in HeLa cells cultured on PVA/GO composite hydrogels
were observed under the microscope aer growing for 1 (a), 3
Fig. 5 Swelling curves of PVA/GO hydrogels at 65 �C.

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 FTIR spectra of dried GO, PVA, and PVA/GO composites
hydrogels.
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(b), 5 (c) and 7 (d) days. With the increasing of the culture time,
the pebbles-like HeLa cells were adherent and growing fast
observably. Although the number of dead cells also increased
slowly, most of the cells also showed the aggregation growth in
the eld of vision, suggesting that the cells grow well in the
culture medium. The above results demonstrated that PVA/GO
composite hydrogels exhibit the excellent biocompatibility,
and it may provide the possibility for the further study in
biomedical applications. Drug-releasing is one of the important
applications in the eld of hydrogel materials. PVA hydrogel, as
a drug release carrier, is the optimal choice because of its good
hydrophilicity and biocompatibility. In this work, VB12 was
used as drug models to preliminary investigate the controlled
drug release effect of the PVA/GO hydrogels.

Fig. 8a and b show that the ultraviolet absorption curves of
VB12 in two kinds of pH environment at different times. With
the increase of release time, the absorption intensity was
increasing gradually, indicating that the amounts of drug
release in the gel system were also increasing. Specically, in
Fig. 7 HeLa cells cultured on PVA/GO2 composite hydrogels after
inoculation for 1 (a), 3 (b), 5 (c) and 7 (d) days.

This journal is © The Royal Society of Chemistry 2018
dilute HCl solution, the amount of drug release increased
rapidly within 90 min and the VB12 release rate reached about
40% (Fig. 8c), aer then the release became more slowly and
only a slight increase appears between 200 and 700min. Finally,
the total amounts of drug release were up to 55% aer 12 h.
Compared with HCl solution, the drug release ability of the
resulting hydrogels decreased signicantly aer swelling in PBS
buffer solution. In this experiment, it should be noted that the
drug release rate did not change too much and maintain in the
Fig. 8 UV-visible spectra of VB12 released in (a) HCl (pH¼ 1.7), (b) PBS
(pH ¼ 7.4) solutions and (c) profiles of releasing VB12 from a PVA/G4
composite hydrogel in two solutions.
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amount about 12% aer 8 h later releasing. These results clearly
indicated that PVA/GO composite gels could play an important
role in drug carriers, and exhibit the desired controllability of
drugs release in the environment of simulated gastric juice.

The ideal drug controlled-release system should provide the
drug supply keeping slow and steady, which can be contributed
to play efficacy adequately, so that it could greatly avoid the side
effect of drug to human's healthy. Utilizing the PVA/GO
composite gels pH-sensitive, we realized the controlled release
to VB12. Generally speaking, at low pH (1.7), the layer size of GO
in composite hydrogels would be affected, which is mainly
attributed to electrostatic repulsion between GO sheets.29 In this
case, the loaded drug (such as VB12) may also be inuenced by
the change of graphene sheets. And the large size of graphene
provides the inner driving force for the controlled-release
system and it makes the drug molecules moving to low
concentration area aer the structure of graphene sheets
changed. Meanwhile, the directional freezing technology gives
the oriented microstructures to our drug release system, which
could provide more micro-channels for drugs, so that it could
be released more easily and steadily nally. When in a neutral
environment, the gels internal structures do not change too
much, and the releasing of small amount of drug dissociated in
the gel system is mainly due to the pressure difference between
inside and outside during the swelling process.
Conclusions

In summary, we demonstrated the fabrication of a tough PVA/
GO nanocomposite hydrogels with anisotropic microstructure
and mechanical properties through a facile and effective
directional freezing–thawing method. The resulting gels show
anisotropic lamellae microstructures in the direction parallel to
the freezing direction and porous in the perpendicular direc-
tion. The PVA/GO composite hydrogels with high water contents
(90 wt%) exhibit higher fracture strength (up to 1.85 MPa) in the
parallel direction with the aid of GO nanosheets and DFT
process. The anisotropic mechanical properties of the PVA/GO
gels have been dramatically enhanced with the increasing of
CGO. Moreover, the applications of drug released and biocom-
patibility were investigated. The hydrogel materials may expand
the more practical applications in biomedical and engineering
elds, such as scaffold for biomimetic bone, so robots, etc.
Conflicts of interest

The authors declare no competing nancial interest.
Acknowledgements

We appreciate nancial support from the National Science
Foundation of China (No. 21404073).
13290 | RSC Adv., 2018, 8, 13284–13291
Notes and references

1 J. Y. Sun, X. Zhao, W. R. K. Illeperuma, O. Chaudhuri,
K. H. Oh, D. J. Mooney, J. J. Vlassak and Z. Suo, Nature,
2012, 489, 133–136.

2 J. P. Gong and Y. Osada, So and Wet Materials: From
Hydrogels to Biotissues, Adv. Polym. Sci., 2010, 236, 203–246.

3 J. P. Gong, Science, 2014, 344, 161–162.
4 J. P. Gong, So Matter, 2010, 6, 2583–2590.
5 Y. Okumura and K. Ito, Adv. Mater., 2001, 13, 485–487.
6 K. Haraguchi and T. Takehisa, Adv. Mater., 2002, 14, 1120–
1124.

7 J. P. Gong, Y. Katsuyama, T. Kurokawa and Y. Osada, Adv.
Mater., 2003, 15, 1155–1158.

8 T. Sakai, T. Matsunaga, Y. Yamamoto, C. Ito, R. Yoshida,
S. Suzuki, N. Sasaki, M. Shibayama and U. I. Chung,
Macromolecules, 2008, 41, 5379–5384.

9 T. Huang, H. G. Xu, K. X. Jiao, L. P. Zhu, H. R. Brown and
H. L. Wang, Adv. Mater., 2007, 19, 1622–1626.

10 J. Liu, C. Chen, C. He, J. Zhao, X. Yang and H. Wang, ACS
Nano, 2012, 6, 8194–8202.

11 Y. B. Truong, J. Choi, J. Mardel, Y. Gao, S. Maisch,
M. Musameh and I. L. Kyratzis, Macromol. Mater. Eng.,
2017, 302, 1700024.

12 M. Chen, J. Zhu, G. Qi, C. He and H. Wang,Mater. Lett., 2012,
89, 104–107.

13 D. Zhao, J. Zhu, Z. Zhu, G. Song and H. Wang, RSC Adv.,
2014, 4, 30308–30314.

14 L. Zhang, J. Zhao, J. Zhu, C. He and H. Wang, So Matter,
2012, 8, 10439–10447.

15 D. Li and R. B. Kaner, Science, 2008, 320, 1170–1171.
16 A. K. Geim, Science, 2009, 324, 1530–1534.
17 C. Shuai, P. Feng, C. Gao, X. Shuai, T. Xiao and S. Peng, RSC

Adv., 2015, 5, 25416–25423.
18 H. Bai, C. Li, X. Wang and G. Shi, Chem. Commun., 2010, 46,

2376–2378.
19 Y. Huang, M. Zhang and W. Ruan, J. Mater. Chem. A, 2014, 2,

10508–10515.
20 X. Peng, C. He, J. Liu and H. Wang, J. Mater. Sci., 2016, 51,

5901–5911.
21 J. Zhu, J. Wang, Q. Liu, Y. Liu, L. Wang, C. He and H.Wang, J.

Mater. Chem. B, 2013, 1, 978–986.
22 H. Kim, A. A. Abdala and C. W. Macosko, Macromolecules,

2010, 43, 6515–6530.
23 A. A. Balandin, Nat. Mater., 2011, 10, 569–581.
24 J. A. Stammen, S. Williams, D. N. Ku and R. E. Guldberg,

Biomaterials, 2001, 22, 799–806.
25 S. Ma, S. Wang, Q. Li, Y. Leng, L. Wang and G. H. Hu, Ind.

Eng. Chem. Res., 2017, 56, 7971–7976.
26 H. B. Wang, K. Y. Teng, C. Chen, X. J. Li, Z. W. Xu, L. Chen,

H. J. Fu, L. Y. Kuang, M. J. Ma and L. H. Zhao, Mater. Lett.,
2017, 186, 78–81.

27 Y. Ni, L. Chen, K. Y. Teng, J. Shi, X. M. Qian, Z. W. Xu,
X. Tian, C. S. Hu and M. J. Ma, ACS Appl. Mater. Interfaces,
2015, 7, 11583–11591.
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra00340h


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
A

pr
il 

20
18

. D
ow

nl
oa

de
d 

on
 4

/2
6/

20
26

 1
0:

37
:0

7 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
28 W. C. Lee, C. H. Lim, H. Shi, L. A. Tang, Y. Wang, C. T. Lim
and K. P. Loh, ACS Nano, 2011, 5, 7334–7341.

29 X. Wang, H. Bai and G. Shi, J. Am. Chem. Soc., 2011, 133,
6338–6342.
This journal is © The Royal Society of Chemistry 2018
30 D. C. Marcano, D. V. Kosynkin, J. M. Berlin, A. Sinitskii,
Z. Sun, A. Slesarev, L. B. Alemany, W. Lu and J. M. Tour,
ACS Nano, 2010, 4, 4806–4814.
RSC Adv., 2018, 8, 13284–13291 | 13291

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra00340h

	Anisotropic tough poly(vinyl alcohol)/graphene oxide nanocomposite hydrogels for potential biomedical applications
	Anisotropic tough poly(vinyl alcohol)/graphene oxide nanocomposite hydrogels for potential biomedical applications
	Anisotropic tough poly(vinyl alcohol)/graphene oxide nanocomposite hydrogels for potential biomedical applications
	Anisotropic tough poly(vinyl alcohol)/graphene oxide nanocomposite hydrogels for potential biomedical applications
	Anisotropic tough poly(vinyl alcohol)/graphene oxide nanocomposite hydrogels for potential biomedical applications
	Anisotropic tough poly(vinyl alcohol)/graphene oxide nanocomposite hydrogels for potential biomedical applications
	Anisotropic tough poly(vinyl alcohol)/graphene oxide nanocomposite hydrogels for potential biomedical applications
	Anisotropic tough poly(vinyl alcohol)/graphene oxide nanocomposite hydrogels for potential biomedical applications
	Anisotropic tough poly(vinyl alcohol)/graphene oxide nanocomposite hydrogels for potential biomedical applications
	Anisotropic tough poly(vinyl alcohol)/graphene oxide nanocomposite hydrogels for potential biomedical applications
	Anisotropic tough poly(vinyl alcohol)/graphene oxide nanocomposite hydrogels for potential biomedical applications
	Anisotropic tough poly(vinyl alcohol)/graphene oxide nanocomposite hydrogels for potential biomedical applications

	Anisotropic tough poly(vinyl alcohol)/graphene oxide nanocomposite hydrogels for potential biomedical applications
	Anisotropic tough poly(vinyl alcohol)/graphene oxide nanocomposite hydrogels for potential biomedical applications
	Anisotropic tough poly(vinyl alcohol)/graphene oxide nanocomposite hydrogels for potential biomedical applications
	Anisotropic tough poly(vinyl alcohol)/graphene oxide nanocomposite hydrogels for potential biomedical applications


