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ABSTRACT: Stem cell therapy is promising for treating traumatic injuries
of the central nervous system, where a major challenge is to effectively
differentiate neural stem cells into neurons with uniaxial alignment.
Recently, controlling stem cell fate by modulating biophysical cues (e.g.,
stiffness, conductivity, and patterns) has emerged as an attractive approach.
Herein, we report a new heterostructure composite scaffold to induce cell-
oriented growth and enhance the neuronal differentiation of SH-SY5Y cells.
The scaffold is composed of aligned electrospinning silk nanofibers coated
on reduced graphene paper with high conductivity and good biocompat-
ibility. Our experimental results demonstrate that the composite scaffold
can effectively induce the oriented growth and enhance neuronal
differentiation of SH-SY5Y cells. Our study develops a novel scaffold for
enhancing the differentiation of SH-SY5Y cells into neurons, which holds
great potential in the treatment of neurological diseases and injuries.
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1. INTRODUCTION

Lots of people worldwide suffer from the central nervous
system injuries, including traumatic brain injury and spinal
cord injury, as well as neurological diseases such as Alzheimer’s
disease, Parkinson’s disease, and Huntington’s disease.1

Treatment of neurological diseases or injuries is challenging
because of the limited regeneration capability of central
neurons.2 Stem cell therapy is emerging as a promising strategy
for neural repair and regeneration. Among various stem cells,
neural stem cells (NSCs), which are multipotent with the
ability to differentiate into neurons and secrete multiple
neurotrophic factors via paracrine activity, show great potential
for neural regeneration.3,4 Many studies have proved that the
differentiated NSCs with high neural protein expression,
extended neurite length and alignment, and neuron function-
alities are highly desired for effective regeneration of neural
tissues.5−7

To date, various biochemical cues (e.g., retinoic acid (RA),
valproic acid, and oleanolic acid) have been intensively used to
induce differentiation of NSCs into neurons.8−10 However,
most NSCs differentiate more likely toward glial cells than
neurons with only biochemical cues.11 Recently, accumulating
evidence has shown that biophysical cues (e.g., electrical
stimulation12−14 and nanotopographical features15) have also
shown significant capability in promoting the neuronal
differentiation of NSCs.16 Various conductive and biocompat-
ible materials have been developed for providing electrical
stimulation to cells (e.g., polyaniline and polypyrrole).17,18

Among these, graphene-based materials have attracted special
attention because of their extraordinary electrical conductiv-
ity,19 excellent mechanical stability,20 and favorable biocom-
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patibility.6 Graphene materials have been proved to effectively
enhance the neuronal differentiation of NSCs, promote the
neurite sprouting and outgrowth, and improve neural activity
upon electrical stimulation.6,11,21,22 However, the differentiated
neurons on the graphene films usually have random alignment,
limiting the formation of interconnected neural networks.21,23

To address this issue, nanofibrous scaffolds made of natural
polymers such as collagen, gelatin, fibrin, and silk have been
used to extend neurites.24−26 Among these natural proteins,
silk fibroin has drawn significant attention because of its
biocompatibility, biodegradability, and superior perform-
ances.27 Importantly, silk nanofibrous scaffolds are considered
ideal for nerve cell culture because of the programmable
nanotopographical structure mimicking the native extracellular
matrix (ECM) for cell attachment and proliferation.28,29 For
instance, aligned silk (AS) fibrous scaffolds have been shown to
support the culture of NSCs, stimulate the neurite outgrowth,
and promote the neurite extension.30 However, the neuronal
differentiation of NSCs on such nonconductive nanofibrous
scaffolds is still suboptimal.31 Therefore, there is still an unmet
need for a new scaffold with good biocompatibility,
conductivity, and aligned nanotopographical feature, which
can effectively induce the differentiation of NSCs toward
neurons with high protein expression, guided neurite align-
ment, and well-formed neural network.
In this work, we developed a new heterostructured

composite scaffold composed of aligned electrospinning silk
nanofibers coated on conductive reduced graphene paper
(rGOP) to enhance the neuronal differentiation of SH-SY5Y
cells, in terms of neural protein expression, neurite extension
and alignment, and neural network formation. We first
examined the surface features and conductivity of the silk-
nanofiber-coated rGOP heterogeneous composite scaffold. We
further studied the adhesion, morphology, proliferation, and
neuronal differentiation of SH-SY5Y cells seeded onto the
scaffolds. Our study develops a novel scaffold for enhancing
the differentiation of SH-SY5Y cells into neurons on the silk
nanofiber−rGOP, which holds great potential in the treatment
of neurological diseases and injuries.

2. MATERIALS AND METHODS
2.1. Materials. All chemicals were purchased from commercial

suppliers and used as received. Sulfuric acid (H2SO4) and hydro-
chloric acid (HCl) were supplied by Xilong Chemical Co., Ltd. Acetic
acid and hydroiodic acid were purchased from Kelong Chemical
Reagents Co., Ltd. Phosphoric acid (H3PO4) was supplied by Fuyu
Fine Chemical Co., Ltd. Potassium permanganate (KMnO4) and
hydrogen peroxide (H2O2) were purchased from Tianjin Zhiyuan
Chemical Reagent Co., Ltd. Graphite powder (325 mesh, 99.8%) was
obtained from Alfa Aesar. Silk of Bombyx mori silkworm was
purchased from Zhejiang Second Silk Factory. Slide-A-Lyzer Dialysis
Cassette (MWCO 3500, Pierce), LiBr, poly(ethylene oxide) (PEO)
with a molecular weight of 900 000, Triton X-100, ascorbic acid, 4′,6-
diamidino-2-phenylindole (DAPI), FITC-phalloidin, and retinoic acid
were purchased from Sigma-Aldrich. Dulbecco’s modified Eagle’s
medium (DMEM), fetal bovine serum (FBS), and penicillin−
streptomycin were purchased from Gibco. LIVE/DEAD Viability
Kit, Goat Anti-Rabbit IgG H&L (Alexa Fluor 488), and Goat Anti-
Mouse IgG H&L (Alexa Fluor 594) were purchased from Invitrogen
(Carlsbad, CA). Anti-Nestin antibody and Anti-β3-Tubulin were
purchased from Abcam.
2.2. Preparation of Graphene Oxide (GO) and Graphene

Oxide Paper. We synthesized graphene oxide (GO) from natural
graphite power according to an improved Hummers’ method.32

Briefly, graphite powder (3 g) was added into a mixture of

concentrated H2SO4/H3PO4 (360:40 mL) and the mixture was
stirred with magnetic force to make it uniform. Then, potassium
permanganate (18.0 g) was slowly added into the mixture, followed
by heating to 50 °C with stirring for 12 h. After cooling down to room
temperature, the mixture was then poured into ice water (∼400 mL)
and plenty of 30% hydrogen peroxide (∼3 mL) was added to
terminate the reaction. Then, the reaction solution was centrifuged at
1000 rpm for 20 min to remove the excessive graphite powder.
Subsequently, the graphene oxide precipitation was obtained after
centrifugation at 10 000 rpm for 20 min. The remaining precipitation
was washed twice with 200 mL of 30% HCl to remove metal ions and
200 mL of deionized (DI) water to remove the residual acid, and the
supernatant was decanted away. Finally, the solution was purified by
dialysis against DI water for 1 week to remove the remaining metal
ions and obtain the graphene oxide gel. Graphene oxide paper (GOP)
was obtained by casting the graphene oxide gel onto a Petri dish,
followed by natural drying.33 To obtain the reduced graphene oxide
paper (rGOP) with conductivity, we immersed the GOPs in the acid
solution mixed with hydroiodic acid and acetic acid (55:45 v/v) and
heated the acid solution to 70 °C to reduce all of the GOPs. Then, the
obtained rGOPs were washed with ethanol to remove the residual
acid.34

2.3. Preparation of Silk Fibroin Solution. The aqueous
solution of silk fibroin was prepared according to a previously
reported method.35 First, we boiled the raw silk (B. mori) for 20 min
in 0.02 M sodium carbonate solution and rinsed it with DI water three
times to remove the residual sodium carbonate. Then, 9.3 M LiBr
solution was used to dissolve the dried silk fibroin at 60 °C for 4 h.
After cooling down to room temperature, the solution was carefully
transferred into a dialysis tube with a molecular weight cutoff of 3500
and dialyzed against Milli-Q water for 3 days to remove the remaining
solvent. After dialysis, the silk fibroin was obtained by 5000 rpm
centrifugation for 20 min at 5 °C. The final concentration of silk
fibroin solution was determined to be 8% by calculating the remaining
mass of the dried silk solid.

2.4. Electrospinning and Post-Treatment of the Mats. Silk
fibroin/poly(ethylene oxide) (PEO) blended solution was prepared
by mixing 8% (w/v) silk fibroin solution with 5% (w/v) PEO solution
in a 4:1 volume ratio. Then, the silk/PEO solution was fed into a 10
mL syringe with a 16 G blunted stainless-steel needle and extruded at
a flow rate of 1 mL/min using a customized syringe pump. The
voltage between the needle and the aluminum plate was maintained at
9−10 kV. A 15 cm diameter aluminum plate was used to collect the
random silk (RS) nanofibers. A high-speed rotating steel wheel was
used to collect the aligned silk nanofibers. The distance between the
needle and the collector was about 15 cm. Electrospinning was
conducted under room temperature around 28 °C, and the
environmental humidity was maintained in the range of 30−40%.
To stabilize the silk fibroin nanofibers, we immersed the electrospun
nanofibers in methanol for 15 min to induce a β-sheet conformational
transition. Finally, PEO was scarified by immersing the samples in DI
water for 72 h.36

2.5. Material Characterizations. The morphologies of the
samples such as graphene oxide sheets, rGOP, and electrospun
nanofiber−rGOP composite scaffolds were studied by a scanning
electron microscope (SEM, SU-8010). The morphology of graphene
oxide sheets was also characterized by atomic force microscopy
(AFM, Dimension) in tapping mode. X-ray diffraction (XRD) was
used to study the structure of the synthesized graphene oxide and raw
graphite. The surface chemical bonds of GOP and rGOP were studied
by X-ray photoelectron spectroscopy (XPS). For more quantitative
analyses, we used the Gaussian components after a Shirley
background subtraction to deconvolute XPS peaks. The carbon
structures of the GOP and rGOP were investigated using Raman
spectroscopy (inVia Reflex) with a 532 nm Nd:YAG excitation
source. The electrical conductivity of the samples was evaluated by
measuring the sheet resistance using four-point probe technique.

2.6. Cell Culture. The SH-SY5Y human neuroblastoma cell line,
which is a well-established in vitro model for neurological studies such
as neuronal differentiation and neurotoxicity, was used in this study.37
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Human neuroblastoma SH-SY5Y cells (ATCC, CRL-2266) were
cultured in DMEM−nutrient mixture F12 medium supplemented
with 10% fetal bovine serum (FBS), 4 × 10−3 M glutamine, 10 U
mL−1 penicillin, and 10 mg mL−1 streptomycin under standard cell
culture conditions (37 °C and 5% CO2). Cells (within the 10th
passage) were cultured until subconfluence.
2.7. Cytotoxicity, Proliferation, and Alignment Study. The

electrospun random silk nanofiber−rGOP (RS−rGOP) and aligned
silk nanofiber−rGOP (AS−rGOP) scaffolds were punched into pieces
with a diameter of 10 mm and placed into a 24-well plate. Then,
human neuroblastoma SH-SY5Y cells were seeded onto the rGOP
and the two types of electrospun nanofiber−rGOP scaffolds at a
density of 2 × 104 cells cm−2. The cells were cultured in DMEM-F12
medium supplemented with 10% fetal bovine serum (FBS), 4 × 10−3

M glutamine, 10 U mL−1 penicillin, and 10 mg mL−1 streptomycin.
The cell culture medium was changed every 3 days. The viability and
proliferation of SH-SY5Y cells cultured on different substrates were
studied using a LIVE/DEAD Viability/Cytotoxicity Assay Kit
(Invitrogen), which can fluorescently label live cells with calcein-
AM (green) and dead cells with ethidium homodimer-1 (red). After
culturing for 1, 3, and 5 days, the samples were immersed in the
calcein-AM (1/2000 PBS) and ethidium homodimer-1 (1/500 PBS)
mixed staining solution for 20 min in a cell incubator. Afterward, the
samples were washed three times with 1× PBS. Then, the DEAD/
LIVE cells were visualized using a fluorescence microscope (Olympus
IX81). The cell viability and proliferation were calculated by analyzing
the DEAD/LIVE cells of five images from three different samples with
NIH ImageJ Software.
For cell alignment study, after culturing for 1, 3, and 5 days, the

cells were fixed with 4% paraformaldehyde for 15 min and then
washed with 1× PBS three times. Next, cell membranes were
permeabilized with 0.1% Triton X-100 for 15 min at room

temperature and washed three times with 1× PBS to remove Triton.
Then, the cells were immersed in Alexa Fluor 488 phalloidin (1:40
dilution in 1× PBS) and DAPI (1:1000 dilution in 1× PBS) for 40
min at room temperature. Afterward, the samples were washed three
times with 1× PBS. Finally, the cell morphology was visualized with a
laser scanning confocal microscope (Nikon A1) and the orientation of
SH-SY5Y cells was quantitatively analyzed using our self-compiled
Matlab program.38

2.8. Cell Differentiation. Cells were seeded onto the electrospun
nanofiber−rGOP scaffolds, aligned silk nanofibrous scaffolds, rGOP,
and tissue culture plate (TCP) at a density of 2 × 104 cells cm−2. After
24 h, the cell culture medium was replaced by fresh medium
supplemented with 1% FBS and 1 × 10−5 M retinoic acid (RA) to
induce the neuronal differentiation of SH-SY5Y cells for 10 days. In
parallel, cells cultured on aligned nanofiber−rGOP scaffolds in
standard medium for 7 days were used as a control. The cultured cells
were replenished with fresh medium (with or without RA) every 2
days.

2.9. Immunostaining Study. After differentiation for 10 days,
SH-SY5Y cells were fixed with 4% paraformaldehyde for 15 min and
then washed with 1× PBS three times. Next, cellular membranes were
permeabilized with 0.1% Triton X-100 for 15 min at room
temperature and washed three times with 1× PBS to remove the
permeabilization solution. Then, samples were blocked in 1% bovine
serum albumin (BSA) diluted in 1× PBS for 1 h at 37 °C to saturate
the specific binding sites. Then, the SH-SY5Y cells with different
treatments were stained with Nestin and β3-Tubulin primary
antibodies. The primary antibody was diluted 500 times using 1%
BSA and then added into the samples with further culturing at 4 °C
overnight. Afterward, the samples were washed with 1% BSA three
times and treated with a secondary antibody that was diluted 200
times in 1% BSA at 37 °C for 45 min. Then, the other protein was

Figure 1. Schematic illustration of the fabrication of silk fibroin nanofibers on reduced graphene paper. Graphene oxide gel was cast onto a dish,
followed by natural drying to obtain graphene oxide paper (GOP). Then, the GOP was transformed into a wrinkled-surface reduced graphene
oxide paper (rGOP) (black disks) through hot chemical reduction in hydroiodic acid. Moreover, silk fibroin random and aligned nanofibers (white
fibers) were coated on the surface of rGOP by electrospinning to obtain random silk nanofiber−rGOP (RS−rGOP) and aligned silk nanofiber−
rGOP (AS−rGOP) scaffolds. Then, SH-SY5Y cells were seeded onto the scaffolds to study the cytotoxicity, proliferation, and neural differentiation.
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stained following the same protocol. Finally, the samples were stained
with DAPI (1:1000 in 1× PBS) for 10 min at room temperature. After
three rinses with 1× PBS, the samples were mounted and observed
under a Nikon A1 laser scanning confocal microscope. The average
neurite length of differentiated SH-SY5Y cells was quantified from the
confocal images in Figure 5 using neurite trace plugin of NIH ImageJ
Software.
2.10. Statistical Analysis. All of the experiments were repeated at

least three times independently for each reported dataset (unless
stated), and all showed consistent results. Data were reported as single
datasets, and average values ± standard deviations (means ± SD)
were used for presenting results. Data were statistically analyzed using
Origin commercial software. For nonparametric data (after Shapiro−
Wilk normality test), Mann−Whitney t-test (two-tailed) analysis was
used. Statistical significance refers to results where p < 0.05 was
obtained.

3. RESULTS AND DISCUSSION

Electroactive biomaterials hold great promise for engineering
neural tissues.39 However, the preparation of a scaffold with
good electrical conductivity, biocompatibility, and micro/
nanostructure has always been a great challenge.40 Among
various conductive scaffolds, rGOP has shown great potential
for neural tissue regeneration because of its excellent
conductivity and biocompatibility, and the ability to enhance
the differentiation of stem cells.6,11,29,41 Here, we developed a
heterostructured composite scaffold composed of aligned
electrospinning silk nanofibers coated on conductive rGOP
to provide both electrical cue and topographic guidance for
enhanced neuronal differentiation, neurite alignment, and
network formation.

3.1. Fabrication and Characterizations of Nanofiber−
rGOP Scaffolds. To fabricate a highly conductive and
biocompatible scaffold, we cast graphene oxide gel onto a
dish, followed by natural drying to obtain GOP.33 Then, GOP
was transformed into rGOP through hot chemical reduction in
hydroiodic acid. Next, silk nanofibers were electrospun onto
the surface of the rGOP to build two different heterogenous
silk nanofiber−rGOP composite scaffolds, i.e., random silk
nanofibers on GOP (termed as RS−rGOP) and aligned silk
nanofibers on rGOP (termed as AS−rGOP). Finally, SH-SY5Y
cells were seeded onto the scaffolds to investigate the cellular
behaviors including cell viability, proliferation, morphology,
and differentiation (Figure 1).
We first examined the structure of the synthesized GO using

AFM and observed that the synthesized GO sheet shows a
lamellar morphology (Figure S1). The GO sheet is about 5−10
μm in size (Figure S1A) and 1.2 nm in thickness (Figure S1B),
confirming the successful synthesis of the GO sheet. We also
observed from the TEM image that the thin layer of GO is
almost transparent (Figure S1C) and has a wrinkled structure,
which is probably caused by the presence of oxygen-containing
functional groups of GO. Furthermore, we examined the
crystal structure of GO using XRD (Figure S1D). We observed
that the characteristic peak 2θ of GO is 9.8° corresponding to
the (022) reflection of stacked GO sheets with a d-spacing of
0.92 nm. The d-spacing of GO is obviously lager than the d-
spacing of pristine graphite (0.34 nm) with a characteristic
peak 2θ at 26.4°, suggesting the presence of functional groups
on the GO sheet surface. The image taken by a camera reveals
a uniform surface morphology (Figure 2A-a). We examined the
microstructure of rGOP using SEM and observed that the

Figure 2. Characterization of materials. (A) (a) Photograph of GOP, and field emission scanning electron microscope (FE-SEM) images showing
the (b) top view and (c) section view of rGOP. (B) Reduced time-dependent sheet resistance of reduced graphene oxide. (C) FE-SEM of random
silk nanofibers (RS) on rGOP (RS−rGOP) by electrospinning silk fibroin for 1 min, 3 min, and 5 min, and FE-SEM of aligned silk nanofibers (AS)
on rGOP (AS−rGOP) by electrospinning silk fibroin for 1 min, 3 min, and 5 min. (D) Average diameter of silk fibroin nanofibers in different
electrospinning times and different electrospinning modes. (E) Silk fibroin nanofibers’ area percentage in different electrospinning times and
different electrospinning modes.
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surface of rGOP is a little wrinkled and the thickness is about
40−60 μm (Figure 2A-b,c).
To further ensure the successful synthesis of rGOP, we

evaluated the chemical structure of the synthesized GOP and
rGOP using Raman spectroscopy, infrared spectroscopy, and
XPS (Figure S2). We observed two relatively blunt peaks of
GOP at 1355.2 and 1607.3 cm−1 (corresponding to the D and
G bands, respectively) from Raman spectroscopy, while the
two peaks of rGOP appearing at the same positions become
obviously sharp, demonstrating the improved degree of
crystallization for rGOP as compared with GOP (Figure
S2A). We further identified the chemical bonds and functional
groups of GOP and rGOP using infrared spectroscopy (Figure
S2B). We observed peaks of GOP at 3193 cm−1 referring to
O−H stretching vibration, at 1736 and 1618 cm−1 referring to
CO stretching vibration, and at 1049 cm−1 referring to C−O

stretching vibration. However, the above-mentioned character-
istic peaks almost disappear after chemical reduction,
confirming the successful synthesis of rGOP. To further reveal
the deoxygenation of GOPs during reduction, we performed
XPS investigations. The C 1s peak of GOP is deconvoluted
into four peaks located at 284.6 eV (sp2 carbon, CC−C
bonds), 286.7 eV (C−O bonds), 288.3 eV (CO bonds), and
289.7 eV (O−CO bonds) (Figure S2C). Among these, C−
O bonds have the highest intensity, indicating the considerable
degree of oxidation in GOP. In comparison, the oxygen-
containing functional groups in terms of C−O, CO, and O−
CO of rGOP are greatly reduced, indicating the feasibility in
synthesizing rGOP through chemical reduction. The synthe-
sized rGOP has also been proved by comparing the sheet
resistance with that of GOP (Figure S2D), where the sheet
resistance is remarkably reduced from ∼10 MΩ/sq of GOP to

Figure 3. Viability and proliferation of SH-SY5Y cells on composite materials. (A) LIVE/DEAD fluorescent images of SH-SY5Y cells cultured on
reduced graphene paper (rGOP), random silk nanofibers-rGOP (RS−rGOP) scaffold, and aligned silk nanofibers-rGOP (AS−rGOP) scaffold. The
dead cells stained with red color are pointed by the white arrows. (B) Cell viability of SH-SY5Y cells cultured in each group. (C) Cell proliferation
of SH-SY5Y cells cultured in each group (*p < 0.05).
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about ∼10 Ω/sq of rGOP (Figure 2B). The value of the sheet
resistance of the samples stabilizes at ∼10 Ω/sq when the
reduction time increases to 60 min. We did not observe
significant changes in sheet resistance with further increase of
reduction time from 60 to 180 min. Collectively, these results
confirm the successful synthesis of rGOP with high
conductivity.
Nanofibrous scaffolds have been intensively used for

regulating stem cell fate because of their capability in
mimicking the fibrous structure of native ECM.42,43 To
endow the rGOP with nanofibrous topography, we then
electrospun random and aligned silk nanofibers onto rGOP to

form RS−rGOP scaffold (Figure 2C random) and AS−rGOP
scaffold (Figure 2C aligned), respectively. The diameter of silk
nanofibers is 400−600 nm, as observed from SEM images
(Figure 2D). The density of nanofibers of each sample is
adjusted by changing electrospinning duration in terms of
average nanofibers’ area percentages, which are about 10, 20,
and 30% through 1, 3, and 5 min electrospinning, respectively
(Figure 2E). Since the rGOP surface is not fully covered by
nanofibers, it can directly contact with the attached SH-SY5Y
cells providing electric activities. The obtained nanofibers and
rGOP composite scaffolds with a uniform fiber diameter and

Figure 4. Cell morphology of SH-SY5Y cells. (A) Cell morphology of SH-SY5Y cells on random silk nanofiber−rGOP by electrospinning silk
fibroin for 1, 3, and 5 min, and corresponding alignment scores for 1, 3, and 5 min, respectively. (B) Cell morphology of SH-SY5Y cells on aligned
silk nanofiber−rGOP by electrospinning silk fibroin for 1, 3, and 5 min, and corresponding alignment scores for 1, 3, and 5 min, respectively.
Phalloidin stains cell filaments green, and DAPI stains cell nuclei blue.
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homogeneous fiber distribution hold great potential for guiding
stem cell fate in the following experiments.
3.2. Cytotoxicity of the Nanofiber−rGOP Scaffolds.

To assess the cytotoxicity of the heterogeneous composite
scaffolds, we seeded SH-SY5Y cells onto three different
scaffolds (i.e., the rGOP group, RS−rGOP group, and AS−
rGOP group) and monitored the cell viability and proliferation
(Figure 3). We observed that the SH-SY5Y cells can adhere to
all three scaffolds (Figure S4). Most cells remain alive, as
indicated by the LIVE/DEAD staining assay (Figure 3A),
which is further confirmed by the quantification results that
cell viability remains as high as 95% in all of the samples
throughout the experiment (Figure 3B). Cells are able to
proliferate on three scaffolds over 5 days, but cell proliferation
on RS−rGOP and AS−rGOP scaffolds is significantly higher
than that of cells on rGOP scaffold (Figure 3C), confirming
the improved biocompatibility of composite scaffolds after silk
nanofiber deposition.
3.3. Guidance of Cell Alignment on the Nanofiber−

rGOP Scaffolds. Topographical cues of biomaterials have
been proved to have a significant role in regulating stem cell
behaviors such as cell adhesion, proliferation, self-renewal,
gene expression, morphology, and differentiation.15,44 Espe-
cially, inspired by the highly oriented features of native ECMs
in nerve tissues, aligned nanofibrous scaffolds have been widely
used as topographical cues in controlling the functions of stem
cells.45 To study the guiding effects of nanofiber−rGOP
scaffolds, we stained the SH-SY5Y cells cultured for 1 day on
RS−rGOP and AS−rGOP scaffolds with different nanofiber
densities (Figure 4). Then, we quantified the orientation of
cells in directions ranging from −90 to 90°. We observed that
the SH-SY5Y cells are randomly grown on all of the three RS−
rGOP scaffolds, as clearly illustrated in Figure 4A.
However, the SH-SY5Y cells cultured on the AS−rGOP

scaffolds have apparently different cell morphologies and
alignments from the cells on the RS−rGOP scaffolds (Figure
4B). The SH-SY5Y cells on all of the three AS−rGOP scaffolds
show a clear oriented growth, and the cell alignment is
enhanced with increasing nanofiber density. The cells possess a
dominant axis in directions around 0°, indicating that the cell

arrangement on AS−rGOP scaffolds is highly aligned (Figure
4B). With the prolonged cell culture duration for 3 days, the
cells on AS−rGOP scaffolds show significantly improved
alignment as compared with the cells cultured on the RS−
rGOP scaffolds (Figure S5).

3.4. Neuronal Differentiation of SH-SY5Y Cells on the
Nanofiber−rGOP Scaffolds. Inspired by the promising cell
proliferation and arrangement results, we examined the
capability of nanofiber−rGOP scaffolds in guiding the
neuronal differentiation of SH-SY5Y cells. We observed the
formation of elongated neurites and expression of mature
neuronal maker β3-Tubulin, confirming neuronal differ-
entiation of SH-SY5Y cells (Figure 5). To further evaluate
the neuronal differentiation of SH-SY5Y cells on different
substrates, we quantified the average neurite length of cells on
each substrate, and the results are shown in Figure S6. The
average neurite length of cells on AS−rGOP scaffolds is longer
than that on RS−rGOP scaffolds, revealing the superior
capability of AS−rGOP scaffolds in guiding neuronal differ-
entiation. Moreover, the SH-SY5Y cells attached to AS−rGOP
scaffolds with 1 min nanofiber deposition have the longest
neurite outgrowth, further confirming the strong capability of
AS−rGOP scaffolds in promoting the neuronal differentiation
of SH-SY5Y cells (Figure S6). On 1 min aligned silk
nanofiber−rGOP scaffolds, the SH-SY5Y cells exhibited cluster
growth and formed longer oriented neurites and neural
networks.
With the increase of the aligned nanofiber density on the

rGOP scaffold, the neurites become shorter and the density of
neurites become lower. This could be attributed to the
decreased area of the conductive rGOP surface that cells can
attach to and sense. The SH-SY5Y cells cultured on the pure
electrospun aligned silk nanofibers alone show limited
expression of β3-Tubulin (Figure S7). These results confirm
the important role of the conductive rGOP in regulating stem
cell neuronal differentiation. As compared with cells on RS−
rGOP and rGOP scaffolds (Figure 5), cells on AS−rGOP
scaffolds show significantly higher expression of β3-Tubulin
and longer neurite outgrowth, revealing that the topographical

Figure 5. Confocal images of SH-SY5Y cell differentiation on the composite scaffold. The upper row shows the differentiated SH-SY5Y cells
attached on random silk nanofiber−rGOP by electrospinning silk fibroin for 1, 3, and 5 min, as well as on rGOP. The lower row shows the
differentiated SH-SY5Y cells attached on aligned silk nanofiber−rGOP by electrospinning silk fibroin for 1, 3, and 5 min, as well as on TCP. High
expression of neuron-specific marker β3-tubulin (green color) was found on the aligned silk (AS) nanofibers collected on rGOP by electrospinning
for 1 min as compared to the cells attached on other substrates. The neural stem cell specific marker Nestin was revealed in red color.
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cues provided by the aligned nanofibers are as important as the
conductive rGOP in guiding stem cell neuronal differentiation.
We further studied the neuronal differentiation of SH-SY5Y

cells with only biophysical and topographical cues (AS−rGOP
scaffold) without adding RA in the cell culture medium
(Figure S8). We found that the cells proliferate continuously
until the cells fully cover the surface of the materials, indicating
the limited neuronal differentiation. Meanwhile, the average
neurite length of cells on the AS−rGOP scaffolds with 1 and 3
min nanofiber deposition is significantly higher than that on
TCP with biochemical cue (RA) stimulation (Figure S6).
These results demonstrate that although biophysical and
topographical cues alone show limited capability in promoting
the neuronal differentiation of SH-SY5Y cells, they do enhance
the differentiation when combined with a biochemical cue
(RA) (Figures 5 and S6). Collectively, the designed AS−rGOP
scaffold with the combination of conductive rGOP and aligned
nanofibers (electrospun for 1 min) is the optimized scaffold in
promoting the neuronal differentiation of SH-SY5Y cells with
the oriented arrangement and neural network formation.

4. DISCUSSION
It is still a great challenge to construct electroactive scaffolds
that can induce the oriented growth of nerve cells and promote
the differentiation and network formation of NSCs for the
regeneration of nerve tissues because of the lack of
biocompatibility of most conductive materials.6,46 Graphene
materials with high electrical conductivity and good bio-
compatibility hold great potential in treating nerve tissue
defects.6,11 Previous studies have blended graphene or
graphene oxide as addition materials into electrospinning
solution to fabricate electrospun nanofibrous scaffolds. This
blending method requires the fragmentation of graphene,
which increases the potential toxicity and weakens the
electrical properties of nanofibers.47 Some researchers have
adopted the electrospinning method to prepare the scaffolds
first, followed by adsorption of a graphene sheet on the scaffold
surface, but their investigation is focused on the disordered
scaffolds and the electrical conductivity is still low.29 How to
design and prepare scaffolds with good electrical conductivity,
biocompatibility, and directional topological nanostructure has
remained a key research problem. The cast rGOP with
extraordinary electrical conductivity and favorable biocompat-
ibility has been proved to effectively enhance the neuronal
differentiation of SH-SY5Y.6,11,21,22 However, as compared
with the GOP, rGOP reduces the cell adhesion ability because
of the reduction of surface functional groups (e.g., hydroxyl,
carboxyl, and carbonyl groups), which affects the adsorption
capacity and binding ability of cell proteins. In addition, the
planar rGOP cannot effectively guide the attached SH-SY5Y
cell orientation, which is highly desired for forming a well-
aligned cellular construct like nerve tissues.
In this work, we electrospun aligned silk nanofibers onto the

surface of rGOP to fabricate a novel heterogeneous composite
scaffold for guiding SH-SY5Y-cell-oriented growth and mature
neuronal differentiation. SH-SY5Y human neuroblastoma cells
have some characteristics of NSCs such as neuronal differential
capacity.37,48−50 Hence, the SH-SY5Y human neuroblastoma
cells have been intensively used as an in vitro model for
neurological studies, including neuronal differentiation and
functions related to neurodegenerative processes and neuro-
toxicity.37,51−53 Therefore, we also used SH-SY5Y human
neuroblastoma cells as an in vitro model to verify our

hypothesis. The composite scaffold is very stable, and the
nanofibers are firmly attached to the rGOP, as demonstrated
by the firm attachment without falling of nanofibers even in 1
week of solution perturbation. The arrangement and density of
nanofibers can be adjusted by choosing the design of the
nanofiber collector (plate collector or a rolling wheel) and the
nanofiber deposition duration (Figure 2). The synthesized
AS−rGOP scaffold has excellent conductivity, biocompati-
bility, and aligned topographical cue that can mimic the native
ECM of a nerve tissue. Therefore, the composite scaffold could
improve the electrotransport performance of the cells and also
successfully promote the cell adhesion and proliferation, and
induce the cells to grow directionally (Figure 3). We have
found that the cell alignment is strongly dependent on the
nanofiber density and orientation, where cell alignment is
significantly enhanced with increasing nanofiber density and
fiber alignment (Figure 4). This may favor cell growth along
the fiber direction and cell−cell connection to form a network
structure, which is of great significance for the regeneration of
a functional nerve tissue. The cell differentiation results show
that our nanofiber−graphene composite scaffolds can not only
induce the neuronal differentiated SH-SY5Y cell neurites to
arrange along the fiber direction but also promote the maturity
of SH-SY5Y cells with significant expression of neuronal maker
β3-Tubulin. It should be noted that the AS−rGOP scaffold (1
min) with the highest available area of conductive rGOP for
cell sensing showed the strongest capability in promoting the
neuronal differentiation of SH-SY5Y cells, confirming the
robust role of rGOP in regulating stem cell neuronal
differentiation. In summary, we have fabricated oriented
nanofiber−graphene heterogeneous composite scaffolds,
which have the advantages of simple preparation process and
controllable parameters. Additionally, the AS−rGOP scaffold
can promote the alignment and neuronal differentiation of SH-
SY5Y cells. Our design method of such composite scaffolds
provides an inspiration for the surface modification of
bioscaffolds.

5. CONCLUSIONS

In this study, we designed and fabricated a new heterostructure
composite scaffold composed of aligned electrospinning silk
fibroin nanofibers and conductive rGOP, which exhibited
excellent conductivity and biocompatibility. This heteroge-
neous composite scaffold with 10% area of nanofibers coated
on the conductive rGOP can effectively induce the oriented
growth of SH-SY5Y cells, enhancement of SH-SY5Y cells
neuronal differentiation, and formation of neural networks.
This work provides a pioneered design of a graphene
nanosheet and silk nanofibers hybrid scaffold for controlling
the differentiation of NSCs and axon orientation, which holds
great potential for effective stem cell therapy of neurological
diseases and injuries.
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