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• GO-PVDF scaffold was fabricated by a
non-solvent induced phase separation
method.

• Scaffold properties were modulated via
incorporation of GO nanoparticles.

• 0.5–1 wt% GO incorporation promoted
the mechanical properties and conduc-
tivity properties of PVDF.

• PC12 cell proliferation promoted with
increasing GO content up to a critical
value

• PVDF-GO scaffold easily be converted in
to a nerve guidance conduit with 4 in-
ternal longitudinally aligned channels.
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In this work, non-solvent induced phase separation method was applied to develop polyvinylidene fluoride
(PVDF)/graphene oxide (GO) scaffold for nerve tissue engineering. Furthermore, the effects of GO concentration
(0, 0.5, 1, 3 and 5wt%) on the electrical,mechanical, physical and biological properties of scaffoldswere also eval-
uated. Results demonstrated that, incorporation of GO nanosheets in the PVDF matrix decreased water contact
angle,while enhanced the hydrophilicity,water absorption andwaterflux of the scaffolds.Moreover,mechanical
properties of the nanocomposite scaffolds improved in the presence of GO nanosheets. Significantly, increasing
GO content up to 3 wt% enhanced tensile modulus and strength of PVDF scaffold from 8.1 ± 1.4 and 0.8 ±
0.2 MPa to 17.0± 3.7 and 1.4 ± 0.4 MPa, respectively. Incorporation of GO nanosheets into the PVDF scaffold si-
multaneously enhanced β phase fraction, piezoelectricity and electrical conductivity of all nanocomposite scaf-
folds. Furthermore, PVDF-GO scaffolds significantly promoted cell proliferation, compared to PVDF scaffold,
depending on the GO content. Finally, PVDF-GO scaffold could easily be converted in to a nerve guidance conduit
with 4 internal longitudinally aligned channels making it appropriate for the nerve regeneration applications.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Peripheral nerve injuries commonly caused by motor vehicle acci-
dents, bone fractures and sporting activities could result in long-term
disability of nerves [1,2]. Although transplantation of autologous nerve
grafts is a gold-standard to bridge the gap, second surgery requirement
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and lack of donor nerve graft site are the limitations of thismethod [3,4].
In this respect, artificial nerve guide conduits have been developed as al-
ternative candidates to autologous nerve grafting [5]. Various polymeric
biomaterials have been applied as guidance channels for peripheral
nerve regeneration and some of them received FDA-approval [4]. How-
ever, most of the current nerve guide conduits could not provide all of
the crucial properties of an ideal nerve conduitwhich are biocompatibil-
ity, biodegradability, physiologically appropriate flexibility and me-
chanical properties, hydrophilicity to encourage cell interaction and be
semi-permeability [6,7]. Previous investigations have shown that neu-
rons are extremely influenced by electrical signals [8]. Therefore, appli-
cation of conductive and piezoelectric polymers as nerve guidance
conduits allows direct delivery of electrical stimulations without the
need of external power source [9]. Piezoelectric polymers are materials
which could produce variable surface charges under mechanical distor-
tion in the absence of additional energy sources or electrodes [10]. Be-
tween them, polyvinylidene fluoride (PVDF) is a semi-crystalline
polymer that has been attracted great attention because of its ease of
process, thermal stability, good chemical resistance and mechanical
properties [11,12]. PVDF consists of at least four polymorphisms, com-
monly known as α, β, γ and δ, with different crystalline phase
structures. Between them, β-phase shows the highest piezoelectric
property which makes it suitable for tissue engineering applications
[12–16]. Hoop et al. [15] investigated the capability of piezoelectric
PVDF substrate to support neural differentiation under dynamic stimu-
lation. Results showed that applied ultrasonic waves were sufficient to
induce polarization in piezoelectric PVDF sheets and resulted in differ-
entiation of PC12 cells. Lee et al. [12] used PVDF-TrFE to fabricate a pie-
zoelectric electrospun scaffold with aligned and random fibers. They
demonstrated that aligned PVDF-TrFE scaffold had the highest potential
in neurite outgrowth and guidance of dorsal root ganglion neurons. Re-
cently, we developed a PVDF scaffold using thermally induced phase
separation combined with non-solvent induced phase separation
method and found that β-phase fraction of the PVDF could be controlled
using process parameters. Despite its remarkable properties, electrical
insulation and hydrophobicity of PVDF scaffolds limit its applications
for nerve tissue regeneration [16]. In order to overcome these issues,
PVDF has been physically and chemically modified with various poly-
mers (such as polyvinyl alcohol (PVA) [17], and polyethylene glycol
(PEG) [18]) and inorganic nanoparticles (such as TiO2 [19] and ZnO
[20]). In order to enhance electrical, mechanical and hydrophilic charac-
teristics of polymeric based scaffolds, various kinds of carbon-based
nanostructures such as carbon nanotubes (CNTs) [21], graphene (Gr)
[22] and graphene oxide (GO) [23] have been incorporated in them. In-
corporation of carbon nanostructures in a polymer matrix creates nu-
merous surface charges affecting the nerve response. Moreover, the
surface charge could impact the length of neurite outgrowth, their num-
ber, branching and the number of synaptic connections [24]. Between
them, CNT-based substrates suggest the possibility of exposing cells to
various types of stimuli which could be controlled by taking advantages
of the unique characteristics of nanotubes. Of specific importance of
such material properties is nanoscale topography, surface charge, bulk
electrical conductivity, etc. [25]. While CNT-based composites present
superior dielectric properties, their agglomeration and weak compati-
bility with polymeric matrixes limit their applications [26]. Between
various types of carbon based materials, Graphene and its derivatives
have lately been presented as a promising material for nerve tissue re-
generation, owing to their excellent mechanical properties, electrical
conductivity and high surface to volume ratio [27,28]. Graphene has a
high tendency to agglomerate in a polymermatrix and functionalization
of graphene sheets are significant importance for their applications [29].
In contrast, graphene oxide (GO) sheets consist of hydroxyl, epoxide
and carboxyl functional groupsmaking it more compatiblewith organic
polymers. Moreover, additional carbonyl and carboxyl groups on the
edge of the GO nanosheets make it highly hydrophilic and produce
stable dispersions of GO in organic solvents [29,30]. Remarkable
physicochemical characteristics of GO nanosheets and PVDF polymer
as well as their biocompatibility motivated scientists to employ these
materials for tissue engineering. Issa et al. [28] fabricated PVDF-GO fi-
brous scaffolds using electrospinning approach They illustrated that in-
corporation of small amount of GO (0.1 wt%) increased β-phase of PVDF
making it appropriate for pressure sensors and artificial muscle
applications. In another study, Pei et al. [31] fabricated PVDF-rGO nano-
composite membrane via in-situ thermal reduction method. Enhanced
hydrophilicity and formation of β-phase induced by rGO incorporation
in the PVDF matrix resulted in enhanced human umbilical vein
endothelial cell adhesion and proliferation. Esmaeili et al. [32] synthe-
sized magnetoelectric fibrous film based on PVDF incorporated with
CoFe2O4-GO nanoparticles and found improved biocompatibility
compared to PVDF. Based on previous researches focused on the
PVDF-GO scaffolds, it could be concluded that incorporation ofGOnano-
sheets could improve the hydrophilicity, permeability and mechanical
strength of the PVDF scaffold and could enhance the β-phase fraction
of PVDF. However, the role of GO nanosheets on the electrical conduc-
tance, degradation rate and toughness of PVDF scaffolds was not been
investigated. In addition, the neural cell behavior on the PVDF-GO scaf-
fold has not been studied, yet.

Different methods including particulate leaching [33], solvent cast-
ing [34], electrospinning [35] and phase separation [36] have been
used to develop scaffolds with desirable properties for nerve tissue en-
gineering applications. Between them, non-solvent induced phase
separation (NIPS) is a simple and fast technique to fabricate three-
dimensional (3D) porous polymeric membranes or scaffolds [36,37].
In NIPS technique, phase separation induced by the existence of non-
solvent. Despite the wide researches on the application of NIPS tech-
nique to develop polymeric scaffold, the fabrication of GO based scaf-
folds using this approach has not been widely investigated.

The aim of this study was to develop a three-dimensional scaffold
based on PVDF-GO, usingNIPSmethod, for peripheral nerve tissue engi-
neering. Moreover, the effects of different GO contents (0, 0.5, 1, 3 and
5wt%) on the β-phase fraction as well as structural, mechanical, electri-
cal and biological properties of the scaffolds were investigated.

2. Material and method

2.1. Materials

PVDF (Mw=275,000), dimethyl sulfoxide (DMSO), glutaraldehyde
and 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyl tetrazolium bromide
(MTT) were received from Sigma Co. DMF and ethanol were purchased
from Merck Co. Graphene oxide (GO) nanosheets dispersed in DMF
(2 mg/ml) was received from Graphenex, Iran. Dulbecco's Modified
Eagle Medium-high glucose (DMEM-HI), fetal bovine serum (FBS) and
penicillin/streptomycin were got from Bioidea, Iran. Horse serum (HS)
was supplied by Baharazma, Iran.

2.2. Fabrication of PVDF-GO nanocomposite scaffolds

PVDF-GO nanocomposite scaffolds consisting of various GO contents
(0, 0.5, 1, 3 and 5 wt%) were fabricated using NIPS process, according to
Fig. 1(A). In order to develop uniform dispersion of GO nanosheets in
PVDF matrix, 2 mg/ml GO suspension in DMF (2 mg/ml) was applied.
After preparation of 10 wt% PVDF solution in DMF, GO dispersed DMF
was added to PVDF solution at 25 °C for 24 h. Before casting, the solution
was sonicated for 30 min, in order to enhance homogeneity. The
solution was cast into a pretreated glass followed by soaking for 3 h
(at 20 °C) in a coagulation bath containing DMF andwater with volume
ratio of 6:4. Subsequently, the scaffolds were rinsed in water bath to re-
move any residual solvent and then, were freeze-dried (Alpha 1-
2LDplus, Germany) for 8 h. Depending on the GO contents (0, 0.5, 1, 3
and 5 wt%), the samples were named as PVDF, P-0.5GO, P-1GO, P-
3GO, P-5GO, respectively.



Fig. 1. (A) The schematic showing the immersionprecipitation approach followedby freeze dryingmethod to develop porous PVDF-GOnanocomposite scaffold, (B) Characterization of GO
nanosheets consisting of (i) TEM image, (ii) XPS analysis, (iii) FTIR spectrun and (iv) AFM image.
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The poling process was performed according to the procedure re-
ported in previous researches [38]. In this regard, step-by-step increas-
ing voltage was applied to the scaffolds compacted between two
electrodes in silicone oil.

2.3. Evaluation of PVDF-GO nanocomposite scaffolds

The elemental composition of GO nanosheets was characterized by
X-ray photoelectron spectroscopy (XPS, PHI5600 Physical Electronics)
with a pass energy of 26.00 eV, a 45° take off angle and a beam size of
100 μm. Tapping-mode Atomic force microscopy (AFM, Digital Instru-
ments Multimode AFM, Nanoscope) was used to study the image of
the GO nanosheets under ambient condition. The surface and cross-
section morphology of the nanocomposite scaffolds were assessed by
scanning electron microscope (SEM, Philips) using an accelerating volt-
age of 10 kV, after sputter coating of the scaffolds with gold. Based on
SEM images, the average pore size of the scaffolds (n = 10) was mea-
sured using ImageJ analysis software (ImageJ, National Institutes of
Health, USA). The functional groups presented in the scaffolds as well
as β-phase content of PVDF were examined using Fourier transform
infrared spectroscopy (FTIR, Bruker tensor, performed over a range of
400–4000 cm−1 and resolution of 2 cm−1). β phase fraction (F(β))
was also determined using FTIR spectra, according to the Eq. (1) [39]:

F βð Þ ¼ Xβ

Xα þ Xβ
¼ Aβ

1:26Aα þ Aβ
ð1Þ

where Xα and Xβ are crystallinemass fractions of theα andβ phases and
Aα and Aβ are corresponded to their absorbance at 760 and 840 cm−1,
respectively. Mechanical characteristics of the nanocomposite scaffolds
were evaluated using a tensile tester (Hounsfield H25KS). Before me-
chanic testing, the specimens (n=3) in the shape of rectangular anddi-
mension of 20 × 10 mm2 and an average thickness of 0.5 mm were
immersed in water for 12 h. According to the stress-strain curves, the
mechanical properties such as toughness, tensile strength and modulus
were estimated. The tensile modulus was calculated from the initial
0–3% of the linear region of the stress-strain curves. Hydrophilic proper-
ties of PVDF-GO scaffolds (n = 3) were determined by water contact
anglemeasurement using the static sessile drop technique and the aver-
agewas reportedwith standard deviation.Moreover, thewaterfluxwas
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measured using a home-made instrument at a constant pressure of
2 bar. After 60 s, water permeated through the nanocomposite scaffolds
(n=3)with the size of 3×3 cm2,wasmeasured. Thewater fluxwas cal-
culated according to Eq. (2) [40]:

Jw ¼ V
A � t� 100 ð2Þ

where Jw is water flux (L/m2·h), A is the scaffold area (m2) and t is the
working time (h). In order to investigate themass swelling of the nano-
composite scaffolds, three samples for each scaffold type (2×1 cm2)
were first weighted and subsequently were incubated in deionized
water at 37 °C for 1 h. Finally, the surface absorbed water of scaffolds
was wiped off and weighted, again. The mass swelling was calculated
according to the Eq. (3):

Mass swelling ¼ Wt−Wd

Wd
� 100 ð3Þ

where Wd and Wt are the mass of dried and swollen scaffolds, respec-
tively. Electrical impedance analysis was used to investigate the electri-
cal characteristics of the scaffolds (n = 3) using PARSTAT 2273, USA
electrochemical work-station. In this system, 2 M H2SO4 solution was
applied as the electrolyte and the electrochemical measurement was
performed at room temperature using a three-electrode setup
consisting of an Ag/AgCl electrode (the reference), a platinum electrode
(the counter), and the scaffolds attached to a glass with a layer of silver
glue (the working electrode). A.C. bias was swept over a frequency in
the range of 10–10,000 Hz and the impedance was consequently re-
corded at every frequency. To evaluate the piezoelectric responses of
the PVDF-GO scaffolds, the experiment platform was setup, based on
Karan's work [41]. This setup involves an MEGATEK DSO oscilloscope
and two copper electrodes coupled with carbonic tape placed into
both ends of the PVDF-GO samples.When a pressurewas applied by fin-
gertip force, the output voltage was measured from the oscilloscope. To
evaluate themass data of thefinger, a laboratory balancewas employed.
Applied pressure was calibrated by falling human finger from a certain
height, as similarly reported in previous researches [38].

2.4. Cell culture

To study the effect ofGOnanosheets incorporated in thenanocompos-
ites on cell function, PC12 cells (a rat neuronal cell line, Pasteur Institute of
Iran) were cultured on the PVDF-GO nanocomposite scaffolds (n = 3).
Prior to cell culture, the nanocomposite scaffolds were sterilized via
30 min soaking in 70% (v/v) ethanol and 2 h exposure to ultraviolet
(UV) light. Before cell seeding, the scaffolds were immersed in complete
culture medium (DMEM-HI improved with 10% HS, 5% FBS, and 1% pen/
strep) overnight. Consequently, PC12 cell-linewas seeded on the samples
with a density of 104 cells/well, and were incubated upon 7 days at 37 °C
in 5% CO2.

The morphology of the PC12 cells, cultured on the scaffolds for
7 days was assessed using SEM technique. After 3 h fixation of the
cells using 2.5% glutaraldehyde solution, the samples were washed
with PBS, and dehydrated in the gradient concentrations of ethanol
(30–100%) for 10 min, respectively. Ultimately, after gold-coating, the
samples were assessed using SEM technique. The viability of PC12
cells cultured on the nanocomposite scaffolds was examined using
MTT method. At the specific time point, the culture medium was re-
placed with 0.5 mg/ml MTT solution in PBS and incubated for 4 h. Con-
sequently, as-prepared formazan was dissolved using DMSO and, its
optical density (OD) was measured with microplate reader (BioTek) at
a wavelength of 490 nm. Finally, the relative cell survival (%control)
was considered as below (Eq. (4)) [42]:

Relative cell survival %controlð Þ ¼ Asample−Ab

Ac−Ab
� 100 ð4Þ
where Asample, Ab and Acontrol are the absorbance of sample, blank
(DMSO) and TCP, respectively.

2.5. Statistical analysis

Statistical analyseswere done via one-wayANOVA and to establish a
statistically significance difference between groups, Tukey's post-hoc
test using GraphPad Prism Software (V.6) with a P-value b0.05 was
applied.

3. Results and discussion

3.1. Characterization of PVDF-GO nanocomposite scaffolds

In order to promote peripheral nerve regeneration using direct
transfer of electrical stimulations, piezoelectric materials have been
nominated as promising components for guidance conduits. In this
study, in order to promote electrical signal propagation, PVDF-GO scaf-
folds were fabricated using NIPS process in the optimal parameters of
process (Fig. 1(A)). In this regard, GO nanosheets with the later size of
5–100 μm (Fig. 1(B-i)) were applied to develop PVDF-GO scaffolds. X-
ray photoelectron spectroscopy (XPS) analysis (Fig. 1(B-ii)) also con-
firmed the presence of carbon and oxygen in the chemical structure of
GO with carbon to oxygen atomic ratio of 1.3. Moreover, FTIR spectrum
of GO nanosheets (Fig. 1(B-iii)) confirmed the presence of oxygen func-
tional groups such as hydroxyl (OH), carboxyl (COOH) and epoxy (C-O-
C). Finally, AFM image of GOdispersed in DMF (Fig. 1(B-iv)) showed the
average thickness of 0.7–1.4 nm for GO nanosheets.

SEM images of PVDF-GO scaffolds (Fig. 2(A–E)) also revealed that in-
corporation of GO did not change the porous structure of PVDF-GO scaf-
folds. Noticeably, cross-section image of P-5GO scaffold (inset in the
SEM images) confirmed interconnectivity of the pores and presence of
GO nanosheets on the walls of pores (red arrows indicated GO nano-
sheets). Moreover, all scaffolds consisted of bicontinuous pores with
various pore sizes, depending on the GO contents (Fig. 2(F)). At lower
GO contents (0 and 0.5 wt%), the scaffolds revealed more uniform po-
rous surfaces with smaller pores than other scaffolds. Increasing the
amounts of GO resulted in a denser skin with less pore fraction. Cross-
section images (insets in the SEM images) showed the changes in the
pore morphology from spherical to planar, owing to the presence of
GO nanosheets in the pore walls. When the GO concentration was
b1wt%, the intrinsic hydrophilicity of GO nanosheets resulted in a faster
exchange of solvent and non-solvent (or water and DMF) during the
phase inversion process and thus, larger pores formed in the scaffolds
[43,44]. The average pore size of the scaffolds increased from 1.2 ±
0.1 μm at PVDF scaffold to 1.3 ± 0.1 μm, and 1.8 ± 0.2 μm at P-
0.5GO and P-1GO, respectively. Further incorporation of GO content
resulted in a decrease in pore size to 1.8 ± 0.3 μm (P-3GO) and 1.5 ±
0.2 μm (P-5GO). Similar results have been reported in previous re-
searches. For instance, Xu et al. [45] fabricated PVDF-GO and PVDF-
3-aminopropyltriethoxysilane (APTS) functionalized GO mem-
branes via immersion precipitation technique. They showed that in-
corporation of GO nanosheets b1 wt% to PVDF matrix resulted in
larger pores in the membrane as well as overall increase in the po-
rosity of the scaffold.

In addition to pore size, GO content significantly affected the hydro-
philicity of the PVDF-GO scaffolds. The surface hydrophilicity of the scaf-
folds was determined by the water contact angle measurement (Fig. 3
(A)). Thanks to inherent hydrophobicity, pure PVDF scaffold showed
the highest water contact angle of 117.2 ± 5.4°. Incorporation of GO
nanosheets upon 3 wt% (P-3G scaffold) resulted in a significant im-
provement of hydrophilicity. At this condition, the water contact angle
of the P-3G scaffold reduced to 71.3± 6.4°. It might be due to the incor-
poration of GO nanosheets comprising hydroxyl functional (or other
oxygen-containing) groups. These oxygen-containing groups facilitated
watermolecules interactions leading to increased surface hydrophilicity



Fig. 2. SEM images of surface and cross-section (insets) of PVDF-GO nanocomposite scaffolds consisting of different GO contents: (A) 0wt% (PVDF), (B) 0.5wt% (P-0.5G), (C) 1wt% (P-1G),
(D) 3 wt% (P-3G) and (E) 5 wt% (P-5G) and (F) Average pore size of nanocomposite scaffolds (*P:b0.05).
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and, consequently, decreased water contact angles. The same results
have been reported in the literature [31,46]. These functional groups
could be detected in FTIR spectra of PVDF-GO scaffolds (Fig. 3(B)).
FTIR spectrum of PVDF consisted of the absorbance bands corresponded
to two phases of α-PVDF at 612 and 760 cm−1 and β-PVDF at 470, 840,
876 and 1280 cm−1. Incorporation of GO nanosheets resulted in the ad-
dition of new peaks at 509, 840, 1060, 1174, 1390, 1614 and 3417 cm−1

related to F-C-F, H-C-H, C\\O, C\\F, C\\H, C_C and O\\H bands,
confirming the presence of GO nanosheets in the PVDF-GO scaffolds.
Our results revealed that, in order to reduce the interface energy during
the phase separation process of nanocomposites, GO nanosheets in the
casting solution reached to the surface of the scaffolds leading to signif-
icant improvement of hydrophilicity. Similarly, Zhao et al. [47] fabri-
cated a porous PVDF-GO membrane via immersion precipitation
method. They showed that incorporation of 2 wt% of GO to the PVDF
membrane reduced the water contact angle of PVDF to 60.5 ± 1.8°
due to the diffusion of –OH groups of the GO nanosheets to the surface
of the membrane and, hence, improvement of the hydrophilicity of the
surface. However, incorporation of more GO nanosheets (5 wt%) en-
hancedwater contact angle to 100.4±5.8°. It could be related to the ag-
glomeration of GO nanosheets resulted in reduced number of free end –
OH groups and, hence, hydrophilicity of the scaffolds. Water contact
angle could also modulate the water absorption (Fig. 3(C)) and water
flux (Fig. 3(D)); two most important characteristics of the scaffolds
affecting their biological properties. Our results indicated that incorpo-
ration of GO nanosheets within the PVDF scaffolds resulted in signifi-
cantly enhanced water absorption (P b 0.05). Noticeably, water
absorption enhanced from 217.5 ± 59% (at PVDF scaffold) to 541.9 ±
67% (at P-5GO scaffold) (P b 0.05). In addition, water flux of PVDF-GO
scaffolds was corresponded to their hydrophilicity as well as average
pore size and its distribution (Fig. 3(D)). Incorporation of 0.5 and 1 wt
% GO in the PVDF scaffolds led to an increase in the pure water flux
from 0.135 l/m2·h to 0.205 and 0.235 l/m2·h, respectively. However,
further increase in the GO content reduced pure water flux of the scaf-
fold to 0.117 l/m2·h. According to the previous results, incorporation
of small amounts of GO nanosheets (up to 1 wt%) led to a lower contact
angle and improvement of the hydrophilicity. Moreover, porous struc-
ture with large pores, developed via faster mass exchange during
phase separation process, resulted in greater water fluxes throughout
the scaffolds. However, higher viscosity of the solutions consisting of 3
and 5 wt% GO nanosheets induced a denser structure with smaller
pores, which reduced the water flux. Wang et al. [48] applied phase in-
version process to fabricate GO-blended PVDF ultrafiltration mem-
branes. They similarly reported that incorporation of GO content up to
0.2 wt% caused an increase in mean pore size from 21.5 nm to
46.5 nm leading to improvedwater flux. Incorporation ofmore amounts
of GO nanosheets in the PVDF membrane enhanced the viscosity of the
casting solution which induced a denser structure with smaller pores



Fig. 3. (A) Water contact angle, (B) FT-IR spectra, (C) water absorption and (D) pure water flux of the PVDF-GO scaffolds. (E) The schematic showing the chemical interaction between
PVDF and GO. (*P:b0.05).
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and lower water flux. According to FTIR spectra (Fig. 3(B)), incorpora-
tion of GO nanosheets could modulate the ratio of α: β phase of PVDF.
In order to better clarify the role of GO nanosheets on the α and β
phase contents, the ratio of the intensity of two most important bands
of α and β phases (at 760 cm−1 and 840 cm−1, respectively) (Iα/Iβ)
was calculated according to Eq. (1) and presented in Table 1. Results de-
noted that while theβ-phase content of all nanocomposite sampleswas
more than that of PVDF, depending on the GO content, α to β ratio was
changed. Moreover, the highest β phase fraction (77.4%) was achieved
at P-0.5GO sample. Enhanced β-phase content in the presence of GO
nanosheets could be due to the robust interaction between carbonyl
group (C=O) of the GO nanosheets and fluorine group (NCF2) of PVDF
(Fig. 3(E)). This interaction resulted in the transformation from trans-
gauche-trans-gauche (TGTG) conformation of α-phase to the all-trans
(TTTT) conformation of β-phase. Moreover, TGTG type chains of α
phase attracted to GO nanosheets and PVDF crystallized on the surface
of GO nanosheets. This crystallite phase acted as nucleating agents for
the transformation of amorphous regions in to the β crystalline phase.
This behavior was similarly reported in previous results of PVDF-
carbon based nanofillers [46–49]. According to previous researches,
the nanocomposite of PVDF with various nanomaterials consisting of
Table 1
Extracted data of FTIR spectra.

Scaffold Ialpha (760) Ibetha (840) I(760)/I(840) Betha fraction(%)

PVDF 0.00852 0.0195 0.43 64.5
P-0.5GO 0.00389 0.01677 0.23 77.4
P-1GO 0.01989 0.04577 0.32 64.6
P-3GO 0.01657 0.04907 0.33 70.15
P-5GO 0.00711 0.0209 0.34 69.9
clay [50], Ag nanoparticle [51], carbon nanotube [49], GO doped with
fluorine (GOF) [52] and PMMA-functionalized GO [53] could result in
the formation of β-phase or a combination of α and β phases, depend-
ing on the fabrication process. For instance, Achaby et al. [54] fabricated
PVDF/GO nanocomposite films at different GO contents via solution
castingmethod. They found that incorporation of only 0.1wt%GOnano-
sheets in the PVDF matrix, resulted in a purely piezoelectric β-
polymorph.

3.2. Piezoelectric and electrical properties of PVDF-GO nanocomposite
scaffolds

In order to investigate the piezo-response of the PVDF-GO scaffolds,
we fabricated electrode-composite-electrode stacks using carbon tape
as an electrode (Fig. 4(A)) based on Karan's work [41]. Piezoelectric
property of PVDF and PVDF-GOnanocomposite scaffoldswas estimated,
via applyingmechanical energy by frequent human finger imparting on
the upper surface of samples, as presented in Fig. 4(A). During finger
striking on the surface of electrode-sample, the electrical charge was
scattered within the PVDF-GO scaffolds. Consequently, the creation of
electrical potential alteration was happened between the two elec-
trodes that delivered as open circuit voltage by displaying positive and
negative amplitude [41]. According to Fig. 4(B–F), results showed that
the piezoelectric response of nanocomposite scaffolds depended on
the GO content. In this regard, the average output voltages increased
from 1.36 V at PVDF scaffold to 1.78 V at P-0.5GO. Incorporation of
more GO content resulted in decreased average output voltages to
1.40 V, 1.49 V and 1.48 V at P-1GO, P-3GO and P-5GO, respectively.
This trend could be due to the role of GO content on theβ-phase fraction
formation. According to previous researches, increasing the amount of β
content resulted in enhanced piezoelectric coefficient due to higher



Fig. 4. (A) Schematic of piezoelectricity evaluation. Output voltage generation from PVDF-GO scaffolds consisting of different GO contents: (B) 0 wt% (PVDF), (C) 0.5 wt%(P-0.5GO),
(D) 1 wt% (P-1GO), (E) 3 wt% (P-3GO) and (F) 5 wt% (P-5GO).
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oriented dipoles in β [55]. Between various samples, P-0.5GO scaffold,
with the highest β phase fraction, exhibited the superior piezoelectric
response about 2.64 V, which was 1.62 times more than nascent PVDF
scaffold. According to previous researches, incorporation of GO in
PVDF fibrous layer resulted in enhanced polarization and specific inter-
action of PVDF with oxygen functional groups in GO leading to en-
hanced ferroelectric and dielectric properties PVDF [56].

In addition to piezoelectric properties, results showed that electrical
properties of the scaffolds depended on the GO content. Electrical prop-
erties of PVDF-GO scaffolds were evaluated by using electrochemical
impedance spectroscopy (EIS). The sheets of nanocomposite scaffolds
was soaked in 2 M H2SO4 electrolyte for 2 min and the impedance
was subsequently recorded (Fig. 5(A)). All nanocomposite scaffolds
Fig. 5. (A) Impedance vs applied frequency for the PVDF-GO scaffolds consisting of differe
(C) Schematic showing the role of GO content on the formation of conductive path in the PVD
revealed a lower impedance than pure PVDF scaffold. However, there
was a critical concentration of GO nanosheets to promote the electrical
conductivity depending on their dispersion in the PVDF matrix. For in-
stance, incorporation of GO nanosheets up to 1 wt% reduced impedance
value of PVDF scaffold. However, higher concentration of GO nano-
sheets enhanced the impedance value of PVDF-GO scaffolds. Similarly,
previous researches revealed that in order to stimulate GO nanosheets
to form a network which accelerated the electrical conduction in a
structure, it was crucial to provide an equilibrium between GO content
and GO-matrix interactions. This balance could be provided in a crucial
concentration of GO nanosheets named as percolation threshold. At this
crucial point, the composites transformed from insulating to conducting
system [57]. In order to explain the results, the effects of GO content on
nt GO contents. (B) Impedance vs GO concentration of the nanocomposite scaffolds.
F-GO scaffold.
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the electrical impedance of the scaffoldswere investigated at a constant
frequency of 20Hz (Fig. 5(B)).Moreover, the role of GO concentration in
the polymer matrix is schematically presented in Fig. 5(C). Our findings
revealed that the incorporation of 0.5 wt% GO nanosheets (P-0.5GO
scaffold) led to aminor growth in the conductivity. At this stage, tunnel-
ing effects happened between neighboring GO nanosheets. Increasing
concentration of GO upon 1 wt% led to reduced impedance value of
PVDF-GO scaffold from 804.6 ± 53.4 Ω to 105.7 ± 32.45 Ω. It could be
due to the formation of a broad conductive path through the joining
GO nanosheets at the percolation. This property could be helpful to pro-
mote signal propagation and coupling distal and proximal of injured
nerve tissue. However, incorporation of more GO content increased
the impedance value to 275.6± 40.6Ω at P-5GO scaffold. At this condi-
tion, the number of conducting networks enhanced until the conductiv-
ity levels off due to the agglomeration and formation of resistant path in
the structure, as similarly reported in previous researches [43]. Ourfind-
ing revealed that incorporation of 0.5–1 wt% GO nanosheets resulted in
formation of a scaffold with low impedance at physiologically relevant
frequencies and good piezoelectricity which could be supportive for
promotion of nerve regeneration, via both electrical and mechanical
stimulation. The role of GO content on the electrical conductivity and
the percolation threshold of the scaffolds have recently been investi-
gated, similarly. For instance, Wang et al. [58] synthesized PANI-rGO
scaffold and studied the internal resistance and charge transfer kinetics
of PANI based scaffolds. They found that incorporation of GO to the PANI
matrix decreased its internal resistance. In another study, He et al. [59]
developed graphene-polyvinylidene fluoride (PVDF) composites using
in-situ solvothermal reduction of GO in the PVDF solution. They found
that the percolation threshold of such composite was estimated about
0.31 vol%.

3.3. Mechanical properties of PVDF-GO nanocomposite scaffolds

One of the crucial characteristics of the scaffolds applied for nerve
tissue engineering is mechanical properties. The representative stress-
strain curves of PVDF-GO scaffolds consisting of various amounts of
GO nanosheets are presented in Fig. 6. These trends suggested that the
mechanical characteristics of the scaffoldsweremeaningfully controlled
Fig. 6. (A) Representative stress-strain curves, (B) Tensile strength, (C) Tensile modul
by GO content. The tensile strength, tensile modulus and toughness of
the scaffolds as a function of GO content are extracted from stress-
strain curves (Fig. 6(B–D)). Noticeably, the incorporation of 3 wt% GO
significantly enhanced tensile modulus and strength of the PVDF scaf-
folds from 8.1 ± 1.4 MPa and 0.8 ± 0.2 MPa, to 17.01 ± 3.7 MPa and
1.4 ± 0.4 MPa, respectively. Various parameters could affect the me-
chanical properties of scaffolds consisting of scaffold composition,
pore size and uniformity of the scaffolds [60]. Although greater pore
sizes could accelerate nutrient and oxygen transfer or support cell in-
growth, the mechanical characteristics of scaffolds might be compro-
mised owing to the large amount of void volume [61]. Our results
revealed that enhanced mechanical strength and elastic modulus of
the scaffolds consisting of less GO content (b3 wt%) could be due to
good dispersion of GO nanosheets in PVDF matrix and strong interac-
tions between carbonyl group (C=O) of theGOnanosheets andfluorine
group (NCF2). Similarly, Zhang et al. [62] fabricated PVDF-oxidized car-
bon nanotubes (OCNT) and PVDF-GO nanocomposites as the ultrafiltra-
tion membranes via the combination of solution-blending and phase
inversion method. They found that incorporation of OCNT and GO
within the PVDF solution improved the tensile strength and elongation
at break of the membranes. However, our results showed that, the ag-
glomeration of GO nanosheets at P-5GO scaffold deteriorated its me-
chanical properties. In another word, Fig. 6(D) illustrated an increase
in the toughness from 114 ± 67 kPa to 259.5 ± 41.6 kPa, when 0.5 wt
% GO was incorporated in the PVDF matrix. Tang et al. [63] similarly
found that good dispersion of Gr in the epoxy resin resulted in improved
fracture toughness. However, incorporation of more GO nanosheets re-
sulted in reduced toughness of the scaffolds compared to P-0.5GO. It
might be due to the role of larger pores of PVDF-GO scaffolds consisting
of greater amounts of GO content (N1 wt%) (Fig. 2). The presence of
micro-voids could weaken the mechanical properties of the scaffolds,
as similarlymentioned in previous researches [61]. Correia et al. [64] de-
veloped three-dimensional PVDF scaffolds with various techniques and
found that mechanical properties reduced with increasing pore size of
the scaffolds.

A nerve conduit not only should provide the physical guidance of re-
generated axons, but also it must be flexible enough to withstand the
surgical operation and the pressure from surrounding tissues.Moreover,
us and (D) toughness of the PVDF scaffolds with different GO content. (*P:b0.05).



Fig. 8. Survival of PC12 cells seeded on the various scaffolds measured using MTT assays
after 1, 4 and 7 days of culture. The absorbance was normalized against the control
(TCP) at each time interval (*P b 0.05).
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if the nerve conduit is too hard, it could damage the surrounding tissues
such as blood vessels [7,55]. Therefore, our results demonstrated that
between various scaffolds, P-0.5GO with noticeably greater toughness
is promising for nerve tissue engineering.

3.4. Biological properties of PVDF-GO nanocomposite scaffolds

SEM images of PC12 cells after 7 days of culture on the various scaf-
folds are presented in Fig. 7. PC12 cells were tightly attached to the scaf-
foldswith variousmorphologies, depending of on theGO concentration.
For instance, owing to the inherent hydrophobicity of PVDF scaffold,
cells exhibited rounded morphology. The colonies of the cells are
shownwith red arrows. Incorporation of GO nanosheets in the scaffolds
resulted in the spreading of PC12 cells specially at P-0.5GO scaffold. At
these scaffolds, PC12 cells with polygonal morphology linkedwith adja-
cent cells (red arrows). It could be due to efficient role of GO nanosheets
on the improvement of hydrophilicity, electrical conductance and β-
phase fraction of PVDF, as similarly reported in previous researches
[31]. Moreover, previous researches similarly found that the incorpora-
tion of carbon based nanomaterials into polymeric matrices could en-
hanced cellular attachment and spreading due to the strong affinity
between the nanomaterials and the ECM proteins [65].

Themetabolic activity of PC12 cellswas evaluated viaMTT assay. Re-
sults confirmed that the proliferation of PC12 cells promoted fromday 1
to day 7 on all scaffolds (Fig. 8). Specially, the viability of cells seeded on
the P-0.5GO scaffold statistically improved from88.9±4.9 (%control) at
day 1 to 160.0± 4.2 (%control) at day 7 (P b 0.05). In addition, depend-
ing on the GO content, PC12 cells revealed different behavior. For exam-
ple, between variousGO incorporated scaffolds, P-3GO scaffold revealed
considerably higher cell viability at the first day of culture. This could be
due to a significantly higher hydrophilicity of this scaffold (water con-
tact angle=71.3±6.4°) than others leading to improved cell retention.
However, increasing the culture time up to 7 days resulted in improve-
ment of cell viability on all scaffolds, specifically on the P-0.5GO and P-
1GO. For instance, after 7 days of culture, the viability of PC12 cells on
the P-1GO scaffold was 164.1 ± 17.4 (%control) which was higher
(1.1 times) than PVDF (149 ± 6.4(%control)) and P-5GO (130 ± 12.4
(%control)). Gopinathan et al. [66] also reported that the inclusion of
carbon-based nano-fillers could promote the cytocompatibility and
Fig. 7. SEM images of the PC12 cells cultured for 7 days on: (A) PVDF, (B) P-0.5GO, (C) P-1GO
proliferation of PC12 cell. In addition, our results demonstrated that
while the viability of cells after the first days of culture on the scaffolds
was less than control (TCP), it was significantly enhanced in the next
days. Martin et al. [67] similarly found that after 2 days of C2C12 myo-
blast culture, PVDF presented a higher cell proliferation than control
(TCP) due to its surface charges. Ardeshirylajimi et al. [68] also found
that the proliferation rate of Adipose tissue derived mesenchymal
stem cells cultured on PVDF significantly enhanced compared to TCP
group.

Generally, a range of chemical and physical interactions occurs,
when the cells attached on the surface which manage cell function
[69]. In this regard, various physicochemical properties of biomaterial
substrates could regulate cell functions such as cell attachment, spread-
ing, proliferation and differentiation [70]. In order to control cellular re-
sponses, recently, extensive researches have focused on the design and
modulation of chemical composition, mechanical properties, hydrophi-
licity and surface topography and charge of biomaterial based scaffolds
[12,31,67,71,72]. For instance, Nunes-Pereira et al. [71] studied the
proliferation of C2C12 cells on P(VDF-TrFE) scaffold and found
that greater pore size and porosity of P(VDF-TrFE) scaffolds en-
couraged cell elongation. According to the previous researches,
, (D) P-3GO and (E) P-5GO scaffold. Red arrows reveal the attached cells on the scaffolds.



Fig. 9. (A) Schematic of the nerve conduit fabrication. (B and C) Optical microscopy images of the nerve conduit. (D), (E) and (F) SEM images of the nerve conduit at different
magnifications (15×, 30× and 1000×).
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the piezoelectric characteristics of the scaffold which resulted in
the modulation in the surface charge have the potential to control
protein adsorption and consequently cell attachment and next cel-
lular activity [73]. For instance, Hitscherieh et al. [74] studied the
role of PVDFTrFE scaffolds to control the attachment and survival
of cardiovascular cell types. They found that PVDFTrFE scaffolds sup-
ported the contractile behavior of cells, without requiring extra surface
coating. Hoop et al. [15] also demonstrated that piezoelectric PVDF af-
fected the neurite generation in PC12 cells was similar to the ones pro-
duced by neuronal growth factors. In this study, we discovered that
incorporation of GO could promote neural cell function, consisting of
cell attachment, spreading and proliferation due to the improved hy-
drophilicity, electrical conductance, β-phase fraction and mechanical
properties of the PVDF scaffold. Taken altogether, our findings discov-
ered that promoted electrical conductance and piezoelectric properties
of PVDF-GO scaffold consisting of 0.5–1wt% GO alongwith their greater
mechanical properties significantly promoted attachment, spreading
and proliferation of PC12 cells.

In order to develop a more relevant biological environment for axo-
nal growth, we fabricatedmultichannel nerve guidance conduit from P-
0.5GO scaffold. According to Fig. 9(A), as prepared P-0.5GO scaffold was
rolled around 4 copper shafts with outer diameter of 1.5mmand conse-
quently was dried at ambient temperature. In order to paste the two
ends of the scaffold, we used a layer of the solution with primary com-
posite. After 24 h, the shafts were pulled out. The final conduit in 2 cm
length is presented in Fig. 9(B). Optical microscopy image of the nerve
conduit (Fig. 9(C)) clearly showed the formation of a uniform conduit
consisting of 4 internal channels with outer diameter of 1 cm (Fig. 9
(C)). Applying 4 internal channels in to the main channel supplied a
broader surface area for nerve cell adhesion andmigration than a single
channel conduit [75]. SEM images of this nerve conduit at differentmag-
nifications (Fig. 9(D–F)) showed that the walls between 4 internal
channels were all porous, which is important for cell nutrition and con-
sequently nerve regeneration [76]. According to previous researches,
three dimensional piezoelectric constructs based on PVDFhave been de-
veloped via fused deposition modelling [77], near-field electrospinning
[78] and solvent evaporation-assisted 3D printing [79] for various appli-
cations consisting of sensors, aerospace, biomedicine and robotic func-
tions. However, according to our knowledge, application of a simple
and cost-effective NIPS approach to develop piezoelectric constructs
have not been investigated, yet.

Taken together, our findings disclosed that simultaneously improved
hydrophilicity, mechanical characteristics and electrical properties of
PVDF-GO scaffold along with its uniform porous structure endorsed
PC12 viability, proliferation and spreading. Moreover, this scaffold
could easily change to a multi-channel conduit making it a promising
biomaterial for engineering nerve tissue.
4. Conclusion

In this study, we fabricated a piezoelectric PVDF/GO scaffold via a
non-solvent induced phase separation method for nerve tissue engi-
neering applications. The strong interaction between GO nanosheets
and PVDF matrix offered uniform dispersion of GO nanosheets in the
PVDF matrix resulted in a considerable improvement of physical, elec-
trical and mechanical properties. Particularly, incorporation of 0.5 wt%
GO simultaneously improved the toughness (2.27 times) and strength
(1.3 times) compared to PVDF. In addition, incorporation of GO nano-
sheets upon 0.5 wt% significantly improved piezoelectricity (1.4-fold)
and reduced electrical conductance (1.7-fold), compared to PVDF scaf-
fold. These significant properties of PVDF-0.5wt%GO resulted in the im-
provement of attachment, spreading and proliferation of PC12 cells.
These outcomes suggested that P-0.5GO scaffold with great mechanical
properties and piezoelectricity, and improved hydrophilicity could pro-
vide a nerve 4-internal channel conduit to stimulate cell function.
CRediT authorship contribution statement

Nadia Abzan: Investigation, Software, Writing - original draft. Mahshid
Kharaziha: Project administration, Supervision, Writing - review &
editing, Data curation, Funding acquisition. Sheyda Labbaf:Writing - re-
view & editing, Data curation, Methodology.
References

[1] W.W. Campbell, Evaluation and management of peripheral nerve injury, Clin.
Neurophysiol. 119 (9) (2008) 1951–1965.

[2] P.-H. Wang, I.-L. Tseng, S. Hsu, Bioengineering approaches for guided peripheral
nerve regeneration, J. Med. Biol. Eng. 31 (3) (2011) 151–160.

[3] S.H. Oh, J.H. Kim, K.S. Song, B.H. Jeon, J.H. Yoon, T.B. Seo, U. Namgung, I.W. Lee, J.H.
Lee, Peripheral nerve regeneration within an asymmetrically porous PLGA/Pluronic
F127 nerve guide conduit, Biomaterials 29 (11) (2008) 1601–1609.

[4] A. Subramanian, U.M. Krishnan, S. Sethuraman, Development of biomaterial scaffold
for nerve tissue engineering: biomaterial mediated neural regeneration, J. Biomed.
Sci. 16 (1) (2009) 108.

[5] M. Siemionow, G. Brzezicki, Current techniques and concepts in peripheral nerve re-
pair, Int. Rev. Neurobiol. 87 (2009) 141–172.

http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0005
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0005
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0010
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0010
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0015
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0015
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0015
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0020
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0020
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0020
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0025
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0025


11N. Abzan et al. / Materials and Design 167 (2019) 107636
[6] G.C.W. de Ruiter, M.J.A. Malessy, M.J. Yaszemski, A.J. Windebank, R.J. Spinner, De-
signing ideal conduits for peripheral nerve repair, Neurosurg. Focus. 26 (2) (2009)
E5.

[7] S. Ichihara, Y. Inada, T. Nakamura, Artificial nerve tubes and their application for re-
pair of peripheral nerve injury: an update of current concepts, Injury 39 (2008)
29–39.

[8] L. Ghasemi-Mobarakeh, M.P. Prabhakaran, M. Morshed, M.H. Nasr-Esfahani, H.
Baharvand, S. Kiani, S.S. Al-Deyab, S. Ramakrishna, Application of conductive poly-
mers, scaffolds and electrical stimulation for nerve tissue engineering, J. Tissue
Eng. Regen. Med. 5 (4) (2011).

[9] R. Balint, N.J. Cassidy, S.H. Cartmell, Conductive polymers: towards a smart biomate-
rial for tissue engineering, Acta Biomater. 10 (6) (2014) 2341–2353.

[10] C. Ribeiro, D.M. Correia, S. Ribeiro, V. Sencadas, G. Botelho, S. Lanceros-Méndez, Pie-
zoelectric poly (vinylidene fluoride) microstructure and poling state in active tissue
engineering, Eng. Life Sci. 15 (4) (2015) 351–356.

[11] E.G. Fine, R.F. Valentini, R. Bellamkonda, P. Aebischer, Improved nerve regeneration
through piezoelectric vinylidenefluoride-trifluoroethylene copolymer guidance
channels, Biomaterials 12 (8) (1991) 775–780.

[12] Y.-S. Lee, G. Collins, T.L. Arinzeh, Neurite extension of primary neurons on
electrospun piezoelectric scaffolds, Acta Biomater. 7 (11) (2011) 3877–3886.

[13] C. Tsonos, C. Pandis, N. Soin, D. Sakellari, E. Myrovali, S. Kripotou, A. Kanapitsas, E.
Siores, Multifunctional nanocomposites of poly (vinylidene fluoride) reinforced by
carbon nanotubes and magnetite nanoparticles, Express Polym Lett 9 (12) (2015).

[14] Y.-S. Lee, T.L. Arinzeh, The influence of piezoelectric scaffolds on neural differentia-
tion of human neural stem/progenitor cells, Tissue Eng. A 18 (19–20) (2012)
2063–2072.

[15] M. Hoop, X.Z. Chen, A. Ferrari, F. Mushtaq, G. Ghazaryan, T. Tervoort, D. Poulikakos,
B. Nelson, S. Pané, Ultrasound-mediated piezoelectric differentiation of neuron-like
PC12 cells on PVDF membranes, Sci. Rep. 7 (1) (2017) 4028.

[16] C.-Y. Kuo, H.-N. Lin, H.-A. Tsai, D.-M. Wang, J.-Y. Lai, Fabrication of a high hydropho-
bic PVDF membrane via nonsolvent induced phase separation, Desalination 233
(1–3) (2008) 40–47.

[17] N. Li, C. Xiao, S. An, X. Hu, Preparation and properties of PVDF/PVA hollow fiber
membranes, Desalination 250 (2) (2010) 530–537.

[18] H. Song, J. Shao, Y. He, B. Liu, X. Zhong, Natural organic matter removal and flux de-
cline with PEG–TiO2-doped PVDF membranes by integration of ultrafiltration with
photocatalysis, J. Membr. Sci. 405 (2012) 48–56.

[19] Y.H. Teow, A.L. Ahmad, J.K. Lim, B.S. Ooi, Preparation and characterization of PVDF/
TiO2 mixed matrix membrane via in situ colloidal precipitation method, Desalina-
tion 295 (2012) 61–69.

[20] S. Liang, K. Xiao, Y. Mo, X. Huang, A novel ZnO nanoparticle blended
polyvinylidene fluoride membrane for anti-irreversible fouling, J. Membr. Sci.
394 (2012) 184–192.

[21] F. Mottaghitalab, M. Farokhi, A. Zaminy, M. Kokabi, M. Soleimani, F. Mirahmadi, M.A.
Shokrgozar, M. Sadeghizadeh, A biosynthetic nerve guide conduit based on silk/
SWNT/fibronectin nanocomposite for peripheral nerve regeneration, PLoS One 8
(9) (2013) e74417.

[22] N. Golafshan, M. Kharaziha, M. Fathi, Tough and conductive hybrid graphene-PVA:
alginate fibrous scaffolds for engineering neural construct, Carbon 111 (2017)
752–763 (N. Y.).

[23] Y. Qian, J. Song, X. Zhao, W. Chen, Y. Ouyang, W. Yuan, C. Fan, 3D fabrication with
integration molding of a graphene oxide/polycaprolactone nanoscaffold for neurite
regeneration and angiogenesis, Adv. Sci. 5 (4) (2018) 1700499.

[24] A. Fraczek-Szczypta, Carbon nanomaterials for nerve tissue stimulation and regen-
eration, Mater. Sci. Eng. C 34 (2014) 35–49.

[25] C.M. Voge, J.P. Stegemann, Carbon nanotubes in neural interfacing applications, J.
Neural Eng. 8 (1) (2011) 11001.

[26] M. Burghard, Asymmetric end-functionalization of carbon nanotubes, Small 1 (12)
(2005) 1148–1150.

[27] H.U.A. BAI, Y. Xu, L.U. Zhao, C. Li, G. Shi, Non-covalent functionalization of graphene
sheets by sulfonated polyaniline, Chem. Commun. (13) (2009) 1667–1669.

[28] A.A. Issa, S. Mariam Al Ali, M. Mrlík, A.S. Luyt, Electrospun PVDF graphene oxide
composite fibre mats with tunable physical properties, J. Polym. Res. 23 (11)
(2016) 232.

[29] T. Kuilla, S. Bhadra, D. Yao, N.H. Kim, S. Bose, J.H. Lee, Recent advances in graphene
based polymer composites, Prog. Polym. Sci. 35 (11) (2010) 1350–1375.

[30] T. Nezakati, B.G. Cousins, A.M. Seifalian, Toxicology of chemically modified
graphene-based materials for medical application, Arch. Toxicol. 88 (11) (2014)
1987–2012.

[31] S. Pei, F. Ai, S. Qu, Fabrication and biocompatibility of reduced graphene oxide/poly
(vinylidenefluoride) compositemembranes, RSC Adv. 5 (121) (2015) 99841–99847.

[32] E. Esmaeili, M. Soleimani, M.A. Ghiass, S. Hatamie, S. Vakilian, M.S. Zomorrod, N.
Sadeghzadeh, M. Vossoughi, S. Hosseinzadeh, Magnetoelectric nanocomposite scaf-
fold for high yield differentiation of mesenchymal stem cells to neural-like cells, J.
Cell. Physiol. (2019).

[33] Q. Hou, D.W. Grijpma, J. Feijen, Porous polymeric structures for tissue engineering
prepared by a coagulation, compression moulding and salt leaching technique, Bio-
materials 24 (11) (2003) 1937–1947.

[34] M.I. Sabir, X. Xu, L. Li, A review on biodegradable polymericmaterials for bone tissue
engineering applications, J. Mater. Sci. 44 (21) (2009) 5713–5724.

[35] S. Gautam, A.K. Dinda, N.C. Mishra, Fabrication and characterization of PCL/gelatin
composite nanofibrous scaffold for tissue engineering applications by electrospinning
method, Mater. Sci. Eng. C 33 (3) (2013) 1228–1235.

[36] H. Wang, Y. Li, Y. Zuo, J. Li, S. Ma, L. Cheng, Biocompatibility and osteogenesis of bio-
mimetic nano-hydroxyapatite/polyamide composite scaffolds for bone tissue engi-
neering, Biomaterials 28 (22) (2007) 3338–3348.
[37] G.R. Guillen, Y. Pan, M. Li, E.M.V. Hoek, Preparation and characterization of mem-
branes formed by nonsolvent induced phase separation: a review, Ind. Eng. Chem.
Res. 50 (7) (2011) 3798–3817.

[38] J. Xue, L. Wu, N. Hu, J. Qiu, C. Chang, S. Atobe, H. Fukunaga, T. Watanabe, Y. Liu, H.
Ning, J. Li, Evaluation of piezoelectric property of reduced graphene oxide (rGO)–
poly (vinylidene fluoride) nanocomposites, Nanoscale 4 (22) (2012) 7250–7255.

[39] A. Salimi, A.A. Yousefi, Analysis method: FTIR studies of β-phase crystal formation in
stretched PVDF films, Polym. Test. 22 (6) (2003) 699–704.

[40] H. Bai, X. Wang, Y. Zhou, L. Zhang, Preparation and characterization of poly (vinyli-
dene fluoride) composite membranes blendedwith nano-crystalline cellulose, Prog.
Nat. Sci.: Mater. Int. 22 (3) (2012) 250–257.

[41] S.K. Karan, D. Mandal, B.B. Khatua, Self-powered flexible Fe-doped RGO/PVDF nano-
composite: an excellent material for a piezoelectric energy harvester, Nanoscale 7
(24) (2015) 10655–10666.

[42] N. Abzan, M. Kharaziha, S. Labbaf, N. Saeidi, Modulation of the mechanical, physical
and chemical properties of polyvinylidene fluoride scaffold via non-solvent induced
phase separation process for nerve tissue engineering applications, Eur. Polym. J.
104 (2018) 115–127.

[43] X. Chang, Z. Wang, S. Quan, Y. Xu, Z. Jiang, L. Shao, Exploring the synergetic ef-
fects of graphene oxide (GO) and polyvinylpyrrodione (PVP) on poly
(vinylylidenefluoride) (PVDF) ultrafiltration membrane performance, Appl.
Surf. Sci. 316 (2014) 537–548.

[44] V. Vatanpour, S.S. Madaeni, L. Rajabi, S. Zinadini, A.A. Derakhshan, Boehmite nano-
particles as a new nanofiller for preparation of antifouling mixed matrix mem-
branes, J. Membr. Sci. 401 (2012) 132–143.

[45] Z. Xu, J. Zhang, M. Shan, Y. Li, B. Li, J. Niu, B. Zhou, X. Qian, Organosilane-
functionalized graphene oxide for enhanced antifouling and mechanical properties
of polyvinylidene fluoride ultrafiltration membranes, J. Membr. Sci. 458 (2014)
1–13.

[46] S. Stankovich, et al., Synthesis of graphene-based nanosheets via chemical reduction
of exfoliated graphite oxide, Carbon 45 (7) (2007) 1558–1565 (N. Y.).

[47] C. Zhao, X. Xu, J. Chen, F. Yang, Effect of graphene oxide concentration on the mor-
phologies and antifouling properties of PVDF ultrafiltration membranes, J. Environ.
Chem. Eng. 1 (3) (2013) 349–354.

[48] Z. Wang, H. Yu, J. Xia, F. Zhang, F. Li, Y. Xia, Y. Li, Novel GO-blended PVDF ultrafiltra-
tion membranes, Desalination 299 (2012) 50–54.

[49] S. Manna, A.K. Nandi, Piezoelectric β polymorph in poly (vinylidene fluoride)-func-
tionalized multiwalled carbon nanotube nanocomposite films, J. Phys. Chem. C 111
(40) (2007) 14670–14680.

[50] L. Priya, J.P. Jog, Poly (vinylidene fluoride)/clay nanocomposites prepared by melt
intercalation: crystallization and dynamic mechanical behavior studies, J. Polym.
Sci. B Polym. Phys. 40 (15) (2002) 1682–1689.

[51] S. Manna, S.K. Batabyal, A.K. Nandi, Preparation and characterization of silver–poly
(vinylidene fluoride) nanocomposites: formation of piezoelectric polymorph of
poly (vinylidene fluoride), J. Phys. Chem. B 110 (25) (2006) 12318–12326.

[52] A. Gebrekrstos, G. Madras, S. Bose, Piezoelectric response in electrospun poly (vinyl-
idene fluoride) fibers containing fluoro-doped graphene derivatives, ACS Omega 3
(5) (2018) 5317–5326.

[53] R.K. Layek, S. Samanta, D.P. Chatterjee, A.K. Nandi, Physical and mechanical proper-
ties of poly (methyl methacrylate)-functionalized graphene/poly (vinylidine fluo-
ride) nanocomposites: piezoelectric β polymorph formation, Polymer (Guildf) 51
(24) (2010) 5846–5856.

[54] M. El Achaby, F.Z. Arrakhiz, S. Vaudreuil, E.M. Essassi, A. Qaiss, Piezoelectric β-
polymorph formation and properties enhancement in graphene oxide–PVDF nano-
composite films, Appl. Surf. Sci. 258 (19) (2012) 7668–7677.

[55] J. Gomes, J.S. Nunes, V. Sencadas, S. Lanceros-Méndez, Influence of the β-phase con-
tent and degree of crystallinity on the piezo-and ferroelectric properties of poly (vi-
nylidene fluoride), Smart Mater. Struct. 19 (6) (2010) 65010.

[56] M.A. Rahman, B.-C. Lee, D.-T. Phan, G.-S. Chung, Fabrication and characterization of
highly efficient flexible energy harvesters using PVDF–graphene nanocomposites,
Smart Mater. Struct. 22 (8) (2013) 85017.

[57] P.N. Khanam, D. Ponnamma, M.A. Al-Madeed, Electrical properties of graphene
polymer nanocomposites, Graphene-based Polymer Nanocomposites in Electronics,
Springer 2015, pp. 25–47.

[58] L. Wang, et al., Hierarchical nanocomposites of polyaniline nanowire arrays on re-
duced graphene oxide sheets for supercapacitors, Sci. Rep. 3 (2013) 3568.

[59] L. He, S.C. Tjong, Low percolation threshold of graphene/polymer composites pre-
pared by solvothermal reduction of graphene oxide in the polymer solution, Nano-
scale Res. Lett. 8 (1) (2013) 132.

[60] Q.L. Loh, C. Choong, Three-dimensional scaffolds for tissue engineering applications:
role of porosity and pore size, Tissue Eng. B Rev. 19 (6) (2013) 485–502.

[61] V. Karageorgiou, D. Kaplan, Porosity of 3D biomaterial scaffolds and osteogenesis,
Biomaterials 26 (27) (2005) 5474–5491.

[62] J. Zhang, Z. Xu, W. Mai, C. Min, B. Zhou, M. Shan, Y. Li, C. Yang, Z. Wang, X. Qian, Im-
proved hydrophilicity, permeability, antifouling and mechanical performance of
PVDF composite ultrafiltration membranes tailored by oxidized low-dimensional
carbon nanomaterials, J. Mater. Chem. A 1 (9) (2013) 3101–3111.

[63] L.-C. Tang, Y.J. Wan, D. Yan, Y.B. Pei, L. Zhao, Y.B. Li, L.B. Wu, J.X. Jiang, G.Q. Lai, The
effect of graphene dispersion on themechanical properties of graphene/epoxy com-
posites, Carbon 60 (2013) 16–27 (N. Y.).

[64] D.M. Correia, C. Ribeiro, V. Sencadas, L. Vikingsson, M.O. Gasch, J.G. Ribelles, G.
Botelho, S. Lanceros-Méndez, Strategies for the development of three dimensional
scaffolds from piezoelectric poly (vinylidene fluoride), Mater. Des. 92 (2016)
674–681.

[65] S. Ahadian, R. Obregón, J. Ramón-Azcón, G. Salazar, H. Shiku, M. Ramalingam, T.
Matsue, Carbon nanotubes and graphene-based nanomaterials for stem cell

http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0030
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0030
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0030
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0035
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0035
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0035
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0040
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0040
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0040
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0040
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0045
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0045
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0050
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0050
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0050
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0055
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0055
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0055
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0060
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0060
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0065
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0065
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0065
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0070
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0070
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0070
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0075
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0075
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0075
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0080
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0080
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0080
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0085
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0085
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0090
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0090
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0090
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0095
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0095
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0095
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0100
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0100
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0100
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0105
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0105
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0105
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0105
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0110
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0110
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0110
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0115
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0115
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0115
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0120
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0120
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0125
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0125
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0130
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0130
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0135
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0135
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0140
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0140
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0140
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0145
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0145
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0150
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0150
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0150
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0155
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0155
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0160
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0160
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0160
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0160
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0165
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0165
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0165
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0170
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0170
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0175
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0175
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0175
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0180
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0180
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0180
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0185
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0185
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0185
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0190
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0190
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0190
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0195
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0195
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0200
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0200
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0200
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0205
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0205
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0205
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0210
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0210
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0210
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0210
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0215
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0215
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0215
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0215
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0220
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0220
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0220
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0225
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0225
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0225
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0225
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0230
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0230
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0235
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0235
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0235
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0240
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0240
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0245
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0245
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0245
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0250
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0250
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0250
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0255
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0255
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0255
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0260
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0260
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0260
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0265
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0265
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0265
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0265
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0270
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0270
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0270
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0275
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0275
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0275
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0280
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0280
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0280
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0285
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0285
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0285
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0290
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0290
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0295
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0295
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0295
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0300
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0300
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0305
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0305
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0310
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0310
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0310
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0310
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0315
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0315
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0315
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0320
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0320
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0320
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0320
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0325
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0325


12 N. Abzan et al. / Materials and Design 167 (2019) 107636
differentiation and tissue regeneration, J. Nanosci. Nanotechnol. 16 (9) (2016)
8862–8880.

[66] J. Gopinathan, A.F. Quigley, A. Bhattacharyya, R. Padhye, R.M. Kapsa, R. Nayak, R.A.
Shanks, S. Houshyar, Preparation, characterisation, and in vitro evaluation of electri-
cally conducting poly (ɛ-caprolactone)-based nanocomposite scaffolds using PC 12
cells, J. Biomed. Mater. Res. A 104 (4) (2016) 853–865.

[67] P.M. Martins, S. Ribeiro, C. Ribeiro, V. Sencadas, A.C. Gomes, F.M. Gama, S. Lanceros-
Méndez, Effect of poling state and morphology of piezoelectric poly (vinylidene
fluoride) membranes for skeletal muscle tissue engineering, RSC Adv. 3 (39)
(2013) 17938–17944.

[68] A. Ardeshirylajimi, S.M.-H. Ghaderian, M.D. Omrani, S.L. Moradi, Biomimetic scaffold
containing PVDF nanofibers with sustained TGF-β release in combination with AT-
MSCs for bladder tissue engineering, Gene 676 (2018) 195–201.

[69] A.A. Khalili, M.R. Ahmad, A review of cell adhesion studies for biomedical and bio-
logical applications, Int. J. Mol. Sci. 16 (8) (2015) 18149–18184.

[70] W.F. Liu, C.S. Chen, Engineering biomaterials to control cell function, Mater. Today 8
(12) (2005) 28–35.

[71] J. Nunes-Pereira, S. Ribeiro, C. Ribeiro, C.J. Gombek, F.M. Gama, A.C. Gomes, D.A.
Patterson, S. Lanceros-Méndez, Poly (vinylidene fluoride) and copolymers as porous
membranes for tissue engineering applications, Polym. Test. 44 (2015) 234–241.

[72] D.M. Ciombor, R.K. Aaron, Influence of electromagnetic fields on endochondral bone
formation, J. Cell. Biochem. 52 (1) (1993) 37–41.
[73] Y. Xu, M. Takai, K. Ishihara, Protein adsorption and cell adhesion on cationic, neutral,
and anionic 2-methacryloyloxyethyl phosphorylcholine copolymer surfaces, Bioma-
terials 30 (28) (2009) 4930–4938.

[74] P. Hitscherich, S. Wu, R. Gordan, L. Xie, T. Arinzeh, E.J. Lee, The effect of PVDF-TrFE
scaffolds on stem cell derived cardiovascular cells, Biotechnol. Bioeng. 113 (7)
(2016) 1577–1585.

[75] C.E. Schmidt, J.B. Leach, Neural tissue engineering: strategies for repair and regener-
ation, Annu. Rev. Biomed. Eng. 5 (1) (2003) 293–347.

[76] W. Daly, L. Yao, D. Zeugolis, A.Windebank, A. Pandit, A biomaterials approach to pe-
ripheral nerve regeneration: bridging the peripheral nerve gap and enhancing func-
tional recovery, J. R. Soc. Interface 9 (67) (2012) 202–221.

[77] C. Lee, J.A. Tarbutton, Electric poling-assisted additive manufacturing process for
lead-free piezoelectric device fabrication, Procedia Manuf. 1 (2015) 320–326.

[78] G. Luo, K.S. Teh, Y. Liu, X. Zang, Z. Wen, L. Lin, Direct-write, self-aligned electrospinning
on paper for controllable fabrication of three-dimensional structures, ACS Appl. Mater.
Interfaces 7 (50) (2015) 27765–27770.

[79] S. Bodkhe, G. Turcot, F.P. Gosselin, D. Therriault, One-step solvent evaporation-
assisted 3D printing of piezoelectric pvdf nanocomposite structures, ACS Appl.
Mater. Interfaces 9 (24) (2017) 20833–20842.

http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0325
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0325
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0330
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0330
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0330
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0330
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0335
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0335
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0335
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0335
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0340
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0340
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0340
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0345
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0345
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0350
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0350
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0355
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0355
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0355
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0360
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0360
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0365
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0365
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0365
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0370
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0370
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0370
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0375
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0375
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0380
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0380
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0380
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0385
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0385
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0390
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0390
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0390
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0395
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0395
http://refhub.elsevier.com/S0264-1275(19)30073-5/rf0395

	Development of three-�dimensional piezoelectric polyvinylidene fluoride-�graphene oxide scaffold by non-�solvent induced ph...
	1. Introduction
	2. Material and method
	2.1. Materials
	2.2. Fabrication of PVDF-GO nanocomposite scaffolds
	2.3. Evaluation of PVDF-GO nanocomposite scaffolds
	2.4. Cell culture
	2.5. Statistical analysis

	3. Results and discussion
	3.1. Characterization of PVDF-GO nanocomposite scaffolds
	3.2. Piezoelectric and electrical properties of PVDF-GO nanocomposite scaffolds
	3.3. Mechanical properties of PVDF-GO nanocomposite scaffolds
	3.4. Biological properties of PVDF-GO nanocomposite scaffolds

	4. Conclusion
	section14
	References


