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Abstract: Poly (vinyl alcohol) (PVA)/reduced graphene oxide (rGO) nanocompo-
sites is prepared by the immersion of PVA/graphene oxide (GO) nanocomposites
in the reducing agent aqueous solution. The PVA/graphene nanocomposites can
be used as scaffold after treatment by chemical crosslinking agents. The surface
hydrophilicity of the nanocomposite scaffolds decreased with the addition of
GO or rGO by measuring the contact angles of scaffolds. The electrical conduc-
tivity of PVA/rGO nanocomposite scaffold increased with rGO content increased.
The highest conductivity of PVA/rGO nanocomposite scaffolds with 10 wt% rGO
could reach to 12.16 x 10> S/m. The NIH-3T3 fibroblasts attach and grow well
on the surface of PVA/rGO nanocomposite scaffolds with increasing the content
of rGO. The number of cells obviously increases on the PVA/rGO nanocomposite
scaffolds, especially, at 5 wt% and 10 wt% rGO. Furthermore, a good level of
conductivity and a variation in the surface property of the PVA/rGO nanocompo-
site scaffolds have affected NIH-3T3 fibroblasts grow.
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1 Introduction

Tissue-engineering scaffolds have been note-worthily used in regenerative medicine such as organ
regeneration, disease modelling and cybernetic organism [1-4]. Excellent tissue-engineering scaffolds are
expected to mimic the native properties of load bearing (ligaments, bone, cartilage, and tendon) and
electroactive (cardiac, skeletal muscle, brain, and nerve) tissues in the body. However, most of the current
scaffolds do not mimic gracefully the complex structure of native tissue and provide the needed
mechanical, electrical, and biology stimuli. Thus, it is pivotal to develop biomimetic artificial scaffolds
that are providing a microenvironment supportive of native-like extracellular matrix (ECM) [5]. A
hydrogel is a unique type of soft biomaterials available for biomimetic scaffolds to support cell function,
which has been used in the field of drug delivery [6] and tissue engineering [7]. Poly (vinyl alcohol)
(PVA), poly (ethylene oxide), poly (ethyleneimine), poly (vinyl pyrrolidone), and poly-N-
isopropylacrylamide have been reported for preparation of hydrogel. Due to excellent biocompatibility,
nontoxicity and biodegradability, PVA has been used in various pharmaceutical and biomedical
applications such as contact lenses, drug delivery devices, wound dressing, orthopaedic devices, artificial
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organs, especially in tissue engineering applications [8-10]. However, the conventional approaches to tailor
the characteristics of hydrogel scaffold have relied on adjustments of the polymer content and crosslinking
density, which may affect the nutrient transport or other properties of the hydrogel scaffolds. In this case, the
nanocomposite approaches have attracted a lot of attention since it could readily modulate the properties of
the hydrogel scaffolds without compromising the extracellular matrix (ECM) functions [11]. Of many
nanomaterials currently used in scaffolds, the conductive nanomaterials have been synthesized to
reinforce the hydrogen, which are commonly carbon-based nanomaterials, including carbon nanotubes
(CNTs) and graphene [12-14].

Graphene has recently been considered as a promising candidate for biomedical application, such as drug
delivery, tissue engineering, diagnostic devices, and biosensor [15-17]. Furthermore, the graphene
nanocomposite can be used as an excellent nanostructured scaffolds for promoting cells adhesion and
differentiation for long-term periods [18-20]. Zhang et al. [18] reported that graphene oxide (GO) coated
with biopolymers or surfactant displays highly biocompatible in vivo and then was cleared from mice within
one week. However, the consistent answer to cellular biocompatibility of graphene and its derivatives in
biological system is not made [20-23]. It was reported that the cytotoxicity of GO and rGO is mainly due to
the direct contact interaction of their extremely sharp edges with membrane of cells [24]. Both GO and rGO
were found to accumulate on cell membrane surfaces and penetrate the cellular membrane as intruders,
which caused the decrease of cell viability, interference with cellular function or promotion harmful cellular
responses. In this situation, a promising approach emerges that nanomaterials encapsulating of rGO or GO
components in a matrix could avoid rGO or GO sheets penetrating into cells at the early stage and
meanwhile, modulate the properties of hydrogels [25, 26]. Therefore, the hydrogel scaffolds assisted by the
nanomaterials presents a facile strategy for engineering multifunctional tissue constructs. Moreover, rGO as
nanofiller not only enhances mechanical stability and confers the hydrogel with electrical conductivity.

In this study, GO and rGO were selected as nanofillers to the fabrication of the polymer composite
system featuring PVA as matrix. The composite was employed to fabricate the hydrogel scaffolds by
chemical crosslinking. The properties of the PVA/GO nanocomposite and PVA/rGO nanocomposite were
studied. Significantly, the rGO sheets provided conductive zones, thereby enabling intercellular signalling
and optimizing cell activities. Then, cell assays were conducted to investigate the biocompatibility of the
hydrogel scaffolds as well as cell-scaffold interactions.

2 Experimental Section

2.1 Materials and Methods

Graphite, PVA (Mw = 89,000-98,000, 99+% hydrolyzed) and chemical agents included concentrated
sulfuric acid (H,SO,), potassium permanganate (KMnQ,), hydrochloric acid (HCI), Na,S,04, 30%
hydrogen peroxide (H,0,), and glutaraldehyde (25% in H,O) were purchased from Sigma Aldrich. The
materials were used directly without any further purification.

In the oxidation process, GO was prepared according to the modified Hummer’s method [27-30].
Briefly, graphite (2 g) was mixed with NaNOj; (1 g) and H,SO,4 (50 ml) cooling to 0°C in an ice-bath.
Then KMnO, (6 g) was slowly added into the suspension and the temperature of the suspension was
controlled not exceeding 20°C. Then, the suspension was stirred at 35°C for 1 h. Next, deionized water
(DD (100 ml) was slowly added into the suspension, the temperature was raised to 98°C for 3 h. The
mixture was further treated with 5% H,O, (50 ml), filtered and washed with distilled water. The purified
GO suspensions were then dispersed in distilled water and ultrasonicated for 15 min. The obtained brown
dispersion was then subjected to centrifugation, and the precipitate was dried in the refrigeration dryer for
5 days till totally dry to be stored in the desiccation.

The GO films were prepared by film casting on the glass slides. The GO films were immersed in the
reducing agent solution as same as above at 60°C for 0.5 h. The color of the GO films was changed from
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yellow to gray, which indicated that the reduction was occurred, and the GO films had been turned to rGO
films. The rGO films were rinsed by DI to remove the residual reducing agents and by-product. The rGO
films were dried at 60°C for 2 h.

2.2 Nanocomposite Preparation

PVA/GO nanocomposites containing predetermined amount of GO (as mentioned above) were prepared
as follows: PVA was added in DI water at 80°C and stirred constantly for 2 hours till completely dissolved. A
predetermined weight of GO was dissolved in DI water in an ultrasonic bath for 2 hours. The predetermined
content of GO in the composite films was 1, 5 and 10 wt%, respectively. The mixtures were shaken for
10 min, degassed in an ultrasonic bath for 20 min, cast into Petri dishes, and then dried at 50°C in an oven
until no change could be perceived in their weights. Then the PVA/GO nanocomposites were produced.
Pure PVA films were prepared as a reference following the same procedures as the aforementioned ones for
preparing the nanocomposites films.

The PVA/GO film was immersed in reducing agent solution (50 mg/ml of NaOH and 15 mg/ml of
Na,S,04) at 60°C for 1 h, and the prepared PVA/GO film was washed in distilled water until the by-
product and residual reducing agents were removed. After that, the film was dried at 60°C for 5 h. The
PVA/GO film was turned to PVA/rGO film.

2.3 Nanocomposite Hydrogel Scaffold Preparation

The crosslinking solution was prepared by mixing 1 g of glutaraldehyde (GA) 2.5 wt% and 1 g of 36 wt%
hydrochloric acid. Samples were soaked in a cross-linking bath for 24 h. Finally, the prepared films were
washed repeatedly with DI, in order to eliminate any possible GA and hydrochloric acid residuals and dried
at room temperature. The PVA/GO and PVA/rGO nanocomposite hydrogels were prepared for the scaffold
by chemical crosslinking method.

2.4 Characterization

Fourier transform infrared (FT-IR) spectra of the nanocomposites in ATR mode were obtained using a
Thermo Fisher NICOLET iS10. Wide-angle X-ray (XRD) was conducted on a Bruker/Siemens Hi-Star two-
dimensional diffractometer with a monochromatic Cu Ka point source (A = 0.154184 nm) under a voltage of
40 kV and a current of 20 mA. Samples were scanned over the integration range of diffraction angle 26 = 1—
50° at room temperature. The morphologies of the samples were observed using a LEO1530 field-emission
scanning electron microscope (FE-SEM) and the accelerating voltage was 5 kV.

The resistance of the samples was measured with an electrometer (Keithley). The dc electrical
conductivity for weakly conductive samples was tested by high resistance meter (Agilent 4339B, USA).
For the samples with better conductive behavior, the dc electrical conductivity was measured by a four-
probe method. V-source testing mode (Keithley 2400 source meter, USA) was employed to make sure
that a precise voltage was applied on the two inner probes. The measured voltage was adjusted in the
range from —1 to 1 V, and the corresponding current was measured and recorded across the two outer probes.

The surface water contact angles of crosslinked scaffolds were carried out on a contact angle instrument
(Dataphysics OCA 15, Germany) with a video by using the sessile drop mode. The drop size was set as
10 pL. Three specimens for each group were tested to calculate the average value.

2.5 Cell Culture and Seeding on Scaffolds

Scaffolds were sterilized by exposure to UV rays for 30 min before culture [22, 31]. NIH-3T3 cells
(mouse embryonic fibroblast, supplied from Wisconsin Institute for Discovery, WI, USA) were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with10% FBS (fetal bovine serum),
1 units/mL penicillin, 1 pg/mL streptomycin, and 2 mM L-glutamine at 37°C at 5% CO,. NIH-3T3 cells
were seeded on films modified with GO and rGO at a density of 10000 cells/cm?. Cells were incubated
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for 24 or 48 h and washed with sterilized PBS. Live/dead and cell number assays were taken at days 3. Three
samples were tested for each group.

2.6 Live/Dead Assay

The biocompatibility of the hydrogel scaffolds was tested by examining the growth of NIH-3T3 cells via
a live/dead viability/cytotoxicity assay kit (Invitrogen) after 3 days of culture. The stain utilized green
fluorescent Calcein-AM to target esterase activity within the cytoplasm of living cells, and red fluorescent
ethidium homodimer-1 (EthD-1) to indicate cell death by penetrating damaged cellular membranes. Stain
cells were imaged with a Nikon Eclipse Ti microscope with an attached Photometrics Cool SNAP HQ2
camera. Nis-D Advanced Research v.3.22 software was used for image analysis.

3 Results and Discussion

FTIR spectroscopy is a fast and effective method for detection of various chemical bond changes in
materials. Figure 1 shows the ATR-FTIR spectra of PVA and crosslinked PVA. As for FTIR analysis, the
characteristic peak of the hydroxyl group (~OH) between 3000 and 3600 cm ™', and the ether/acetal group
(—-COC or —COCO) around at 1240 cm' or 997 cm ' were evaluated. The shift in intensity of —OH
(decrement with the crosslinking reactions) have been a consequence of acetal interactions between the
PVA and glutaraldehyde. The crosslinking reaction between the PVA chains and GA was represented by the
reaction in Fig. 2. From the schematic diagram, the —OH of PVA was involved in the crosslinking reactions
with GA, that resulted in a considerable reduction of the intensity of the —OH. The appearance of the ether/
acetal peak indicated that the acetylation reaction occurs between aldehyde and hydroxyl groups in the polymer.
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Figure 1: FT-IR spectra of PVA and crosslinked PVA films

XRD shown in the Fig. 3 was used to examine the variations of layer structure of graphite, GO, rGO, and
of crystalline structures of PVA and crosslinked PVA. The sharp characteristic peak in the XRD pattern of
graphite indicates that it is comprised of many layers, and the interlayer distance of graphite is 3.47 A
(20 = 25.7°). During oxidation, the graphene sheets were grafted with functional groups, hydroxyl, epoxy,
and carboxyl etc., had turned to GO. The interlayer distance of GO increased to 6.91 A (20 = 12.8°).
Meanwhile, the characteristic peak of GO becomes wide, which indicates that the GO sheets were
exfoliated into monolayer or few-layered sheets. However, the distance turned back to 4.72 A (20 = 18.8°),
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Figure 2: Schematic diagram of PVA crosslinking reaction

indicating most of the oxygen functional groups had been removed, and few few-layered sheets had been
restored with the formation of a new structure. On the other hand, the diffraction peak of PVA and
crosslinked PVA are shown in the Fig. 3. The intensity of the characteristic peak of PVA become weak after
crosslinking, which indicate that the crosslinked chains of PVA were difficult to form the crystalline structures.

Figure 4 shows the color change from transparent yellow film (PVA/GO) to opaque black (PVA/rGO)
after reduction. This indicates that PVA matrix was swelled by the reducing agent and the GO within the
matrix was reduced successfully to rGO.

Figure 5 shows the SEM images of the fractured surfaces of neat PVA, PVA/GO nanocomposite scaffolds with
5% GO, and PVA/rGO nanocomposite scaffolds with 5% rGO, respectively. The morphology of neat PVA is shown
in Fig. 5a. By adding the nanofiller sheets, the surface morphologies of the fractured surfaces of the samples were
significantly changed. However, the individual GO and rGO sheets were fully exfoliated and well dispersed in the
PVA matrix (as indicated by red arrows in Fig. 5b and c). There was not agglomeration on the GO or GO fracture
surface, indicating the existing interfacial interactions between GO or rGO sheets and PVA chains.
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Figure 3: The XRD of graphite, GO, rGO, PVA and crosslinked PVA

(a) (b)

Figure 4: Photographs showing (a) the agglomeration of GO was reduced in water, and (b) the reduction of
GO within the PVA matrix after immersion in a reduction agent

Figure 5: SEM images of the fracture surfaces of (a) neat PVA, (b) PVA/5% GO, and (c) PVA/5% rGO
nanocomposite scaffolds

Surface features of the scaffolds are described by contact angles in Fig. 6. The water contact angle can
directly indicate the surface wettability of the scaffolds [32-35], which affects protein absorption and
subsequent cell adhesion as well as infiltration. Contact angles of graphene-based nanocomposite scaffolds
increased with an increase in content of GO and rGO, suggesting that the surface hydrophilicity of the
nanocomposite films decreased with the addition of GO or rGO. As shown in Fig. 6, the water contact
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Figure 6: Water contact angles of PVA, PVA/GO, and PVA/rGO nanocomposite scaffolds with various
contents of graphene

angle of the PVA/GO nanocomposite regularly increased with increasing the content of GO, from 27.6° for neat
PVA to a maximum value of 58° for the PVA/GO nanocomposites with 10 wt% GO an increase of 110%. The
water contact angle of the PVA/rGO nanocomposites had a similar trend to the PVA/GO nanocomposite, which
was increased to 59.9° by 117% from PVA to a PVA/rGO nanocomposites with 10 wt% rGO. The water contact
angle of PVA/rGO nanocomposite is higher than the same proportion of PVA/GO, which is attributed to the
better hydrophilic for GO than rGO. The basal planes of GO sheets were heavily decorated with oxygen-
containing groups during oxidation, which caused these oxidized layers to become hydrophilic. However,
the reduction reaction along with the removal of O-containing functional groups on GO surface could
reduce the hydrophilicity of sheets. When GO and rGO were blended into the matrix as a nanofillers, the
properties of GO and rGO were introduced to the nanocomposite. The surface property was altered via
blending GO or GO nanoparticles with the matrix PVA.

The electrical conductivity of PVA/rGO nanocomposite scaffolds were measured using a four-point
probe. It is shown in the Fig. 6 that the electrical conductivity of PVA and PVA/rGO nanocomposite
scaffolds with different rGO content. However, the matrix polymer PVA is insulating, the rGO was
excellent conductive filler after reduction from GO. One main viewpoint to the conductivity of the PVA/
rGO nanocomposite, GO sheets formed conducting network in the matrix due to the high aspect ratio
of rGO sheets. The typical insulating-conductive percolation behavior can be observed with the addition
of rGO. Generally, the conductivity remained very low values when the content of rGO was low. However,
the conductivity of nanocomposite shown a prominently increase once a critical loading content was
achieved and the conducting network was formed [36-40]. As shown in Fig. 7, the electrical conductivity of
the PVA/rGO nanocomposite scaffolds increased as the rGO content increased. The electrical conductivity
almost remained constant when the rGO content was 1 wt%. Then, an obvious increase of the electrical
conductivity of nanocomposite scaffolds from 1 wt% to 5 wt% rGO content was shown, which indicated
that the percolation threshold lay between 1 and 5 wt%. The electrical conductivity of the PVA/rGO
nanocomposite scaffolds further increased to 12.16 x 10 S/m at 10 wt% rGO content.

Figure 8 shows NIH-3T3 fibroblast adhesion on graphene-based nanocomposites and on PVA matrix. The
viability of NIH-3T3 cells after incubation on each substrate for 3 days was evaluated using live/dead staining
with calcein-AM (to stain live cells with green color) and ethidium homodimer (to stain dead cells with red
color). Fluorescence microscopy was used to observe the cells alive or dead by the color. Enhanced NIH-
3T3 fibroblast adhesion was also observed on the PVA/rGO nanocomposite scaffolds as compared to the
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Figure 7: The electrical conductivity of PVA/rGO nanocomposite scaffold as a function of rGO content

Figure 8: Fluorescence microscope images of NIH-3T3 fibroblasts. Cells were grown on (a) tissue culture
PVA, (b) PVA/1 wt% GO, (c) PVA/5 wt% GO, (d) PVA/10 wt% GO, (e) PVA/1 wt% rGO, (f) PVA/5 wt%
rGO, and (g) PVA/10 wt% rGO for 3 days. Scale bars are 200 um
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PVA/GO nanocomposite scaffolds. The number of live cells on each substrate can be counted and the result is shown
in Fig. 9. As shown in Fig. 9, a small number of cells survived on the PVA scaffold and PVA/GO nanocomposite
scaffolds. Furthermore, the number of the alive cell decreased slightly with increasing the content of GO. However,
the number of cells obviously increased with the addition of rGO, especially, at 5 wt% and 10 wt% rGO. Especially,
the number of cells jumped from 1 wt% to 5 wt% rGO, that was corresponding with the conductivity of PVA/AGO
nanocomposite scaffolds. Above showed that GO as a filler had little effect on the cell growth in contrast to rGO. The
results indicated that the conductivity of substrate might promote greater initial fibronectin adsorption which strongly
correlated with enhanced subsequent cell adhesion.
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Figure 9: The number of cells on each substrate was evaluated at 3 days

4 Conclusions

In summary, a series of nanocomposite hydrogel scaffolds were made from PVA and graphene lineages
by blending. The nanocomposite hydrogel scaffolds emerge conductive zones, with the addition of rGO. The
electrical conductivity of the PVA/rGO nanocomposite scaffolds increases to 12.16 x 10> S/m at 10 wt%
rGO contain. Significantly, the results of cell culture demonstrated that PVA/rfGO nanocomposites
hydrogel scaffolds could enhance the attachment and the proliferation of NIH-3T3 fibroblasts. Thanks to
electrical conductivity of the PVA/rGO hydrogel nanocomposite, the intercellular signaling and cells
responses were enabled. Thus, PVA/rGO nanocomposite scaffolds with electrically conductive properties
could potentially be potential candidates for tissue engineering applications.
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