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Abstract

Carbon-based nanomaterials have shown great promise in regenerative medicine because of their unique electrical, mechanical, and
biological properties; however, it is still difficult to engineer 2D pure carbon nanomaterials into a 3D scaffold while maintaining its structural
integrity. In the present study, we developed novel carbon nanofibrous scaffolds by annealing electrospun mats at elevated temperature. The
resultant scaffold showed a cohesive structure and excellent mechanical flexibility. The graphitic structure generated by annealing renders
superior electrical conductivity to the carbon nanofibrous scaffold. By integrating the conductive scaffold with biphasic electrical stimulation,
neural stem cell proliferation was promoted associating with upregulated neuronal gene expression level and increased microtubule-
associated protein 2 immunofluorescence, demonstrating an improved neuronal differentiation and maturation. The findings suggest that the
integration of the conducting carbon nanofibrous scaffold and electrical stimulation may pave a new avenue for neural tissue regeneration.

© 2017 Elsevier Inc. All rights reserved.
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Stem cell-based transplantation therapy has opened up new
possibilities for repairing injured tissues or organs. As a multi-
potent cell population, neural stem cells (NSCs) are exhibiting
promise for various neurodegenerative diseases and injuries. The
therapeutic efficacy of NSCs is exclusive by a cell-replacement
mechanism.’ NSC line is capable of self-renewing and differen-
tiating into neurons and other glial cells (astrocytes and
oligodendrocytes) that can integrate with host tissues and repair
nerve damages by improving neurogenesis and axonal growth. >
The undifferentiated NSCs might also repair nerves by intrinsic
neuroprotective ability in which NSCs release a series of bioactive
molecules, e.g., neurotrophic growth factors, immunomodulatory
substances, for maintaining neural tissue homeostasis.! Despite

Conlflict of Interest and Disclosure: N/A.

great progression is achieved, there remains important issues that
need to be solved regarding the NSC-based therapy. Direct
transplantation of NSCs fails to offer the physiological stimula-
tions that can promote proliferation and differentiation, and induce
functional integration of NSC-derived neurons into healthy neural
networks.>* In order to support proper cell functions, NSCs are
generally introduced to a target region by mixing with or being
seeded on a functional scaffold. The functional scaffold provides
mechanical support and physiochemical cues for guiding neural
cell growth and differentiation as well as forming complex neural
tissue patterns.

Due to the intrinsic electroactivity of nerve cells, conductive
scaffolds are of particular interest in neuroscience by offering means
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to apply electrical stimulation. Carbon-based nanomaterials, includ-
ing carbon nanotubes (CNTs), carbon nanofibers (CNFs), and
graphene, hold potential for neural applications due to their unique
electrical, mechanical, and biological properties.7’8 In addition,
neural tissue extracellular matrix (ECM) consists of various
nanostructured components which directly interact with neural
cells as well as stimulate cell growth and differentiation. In this
regard, the nanoscale features of CNTs, CNFs, and graphene may
provide a biomimetic nanostructured environment, which makes
them superior to other conventional biomaterials in micro—macro
dimension.” Actually, CNTs have been demonstrated to promote
neuron proliferation, modulate neuronal behavior at either structural
(neurite elongation) or functional (synaptic efficacy) level, as well as
increase network activity of neuronal circuits.'”"'? Usmani et al
found that conductive 3D CNT meshes were able to guide neural
webs formation and facilitated signal transmission when cultured
segregated spinal cord on them in vitro."* The in vivo implantation
of the CNT meshes presented low tissue reaction as well. Graphene
can also enhance neuronal differentiation, guide axons extension,
and support functional neural circuit growth. l4-18

In addition to the enhanced neural cell behaviors by
conductive scaffolds themselves, external electrical stimulation
is usually employed in an effort to restore injured neural
functions. Despite exact mechanism of the interactions between
electrical stimulation and neural cell/system has yet to be fully
understood, it has been well-documented that electrical stimu-
lation can increase neurite outgrowth in vitro and enhance
functional recovery in vivo.'** Furthermore, electrical stimu-
lation delivered via carbon-based nanomaterials has been
demonstrated to induce neuronal signaling.*'

In the present study, conductive carbon nanofibrous scaffolds
have been fabricated by annealing polymeric precursor electro-
spun fiber mats. Unlike the CNTs or CNFs synthesized by other
methods, such as laser ablation, and chemical vapor deposition,
this annealing approach can directly generate an integrated
network structure in the absence of substrate for deposition and
any catalyst. It was demonstrated that the electrospun carbon
nanofibers (ECNFs) fabricated by annealing electrospun poly-
meric nanofibers can support human endometrial stem cells to
give rise to neuron-like cells,*? showing great promise in neural
regeneration. Considering the advantages of conducting ECNFs
and electrical stimulation on neural tissue engineering, we
postulate that the combination of them will generate a robust
strategy for neural regeneration. Therefore, we investigated here
the electrical properties of annealed ECNFs and bioactivity by
culturing NSCs. Additionally, we applied electrical stimulation
on the NSC seeded ECNF scaffold; the cell proliferation was
studied associating with the detection of neural differentiation by
quantitative real-time polymerase chain reaction (RT-PCR) and
immunocytochemistry.

Methods
Fabrication of conductive ECNF scaffolds

The ECNF scaffolds were fabricated via a single-spinneret
electrospinning and post-thermal treatment similar to our
previous work.”® In a typical procedure, 0.5 g of terephthalic

acid (PTA) was first dissolved in 10 g of N, N-dimethylforma-
mide (DMF) by mixing at room temperature for 10 min, and next
1 g of polyacrylonitrile (PAN) was added and further mixed at
80 °C for 3 h. The prepared solution was then electrospun using
a 12 mL syringe with a 25 gauge blunt needle (NNC-PN-25GA,
Nano NC) at a flow rate of I mL.h~" (NE-300, New Era Pump
Systems Inc.). The voltage of 10 kV was applied, and the syringe
needle-to-collector distance was maintained at 10 cm. A rotating
drum wrapped with an aluminum foil (1000 rpm) was used to
collect the fibers for 4 h. The as-spun fibers were first dried in an
oven (VWR Force Air Oven) at 60 °C for 1 day, then heated in a
tube furnace (OTF-1200 x —80, MTI Corporation) from room
temperature to 280 °C for 2 h in air for stabilization (heating rate
of 2 °C min "), followed by further heated up to 1000 °C for 1 h
in N, for carbonization (heating rate of 5 °C minfl). The
annealing time and temperature were optimized based on our
previous study.?

Scaffold characterization

The morphology of fibers before and after annealing was
examined by scanning electron microscope (SEM, FEI Teneo
LV SEM). All samples were coated with iridium for 30 s prior to
imaging. Element compositions of samples were examined by
energy-dispersive X-ray spectrometer (EDS). 200 fibers from at
least 10 different images were analyzed for fiber diameter with
ImageJ software (National Institutes of Health, USA). The
Raman spectra of the samples were characterized by a Raman
spectrometer (Horiba Scientific) with a 532 nm laser excitation.
For the electrochemical measurement, the cyclic voltammetry
was performed using potentiostat (Digi-IVY DY 2013) with a
standard three-electrode electrochemical cell. The cell assembly
composed of a commercial Ag/AgCl reference electrode
(Sigma—Aldrich), a counter electrode of platinum, and a working
electrode with phosphate buffered saline (PBS) solution at
25 °C. The voltammogram curves were observed within the
potential window from —0.8 V to 0.8 V at a scan rate of
100 mV/s, starting from zero current.

NSC culture

Mouse NSCs were obtained from ATCC (NE-4C). The cells
were cultured in Eagle’s Minimum Essential Medium (ATCC)
supplemented with 2 mM L-Glutamine (Thermo Fisher) and
10% fetal bovine serum (FBS, Gemini) and maintained in a
humidified atmosphere with 5% CO, at 37 °C. Cell expansion
was conducted on 15 pg/mL poly-L-lysine coated flasks.
Passages 4 to 6 cells were used for all experiments. For NSC
differentiation, cells were cultured in a differentiation medium
composed of complete culture medium with 10 ¢ M retinoic
acid (Sigma—Aldrich).

NSC viability study

To evaluate the biocompatibility of ECNFs, NSCs were
cultured on ECNF scaffolds. PAN scaffolds and glass were
selected as controls. Prior to cell seeding, 12 mm diameter
samples were fixed on the bottom and rinsed with 70% ethanol
for 20 min. After washing three times with PBS, samples were
pre-wetted with complete medium overnight. NSCs were then
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Table 1
The primer sequences used in RT-PCR.

Gene Forward primer Reverse primer
GAPDH GTGGCCTCTGGGATGATG ACTCCTCAGCAACTGAGGG
Nestin GTGGCCTCTGGGATGATG TTGACCTTCCTCCCCCTC
Tujl AGCTGTTCAAACGCATCTCG GACACCAGGTCATTCATGTTGC
GFAP CCTTCCTTCCCTGGTTTTCT TGCTCATCTTTCCTCTTCCC
MAP2 TTCTCCACTGTGGCTGTTTG GAGCCTGTTTGTAGACTGGAAGA
+\|/\I+n == =
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Figure 1. Schematic illustration of ECNF scaffold fabrication and electrical stimulation of NSCs on the scaffold.

seeded at a density of 10° cells each sample. Cells were cultured
for 2 days and then the cell growth morphology was examined
by staining cells with nestin marker. Specifically, samples were
fixed with 10% formalin for 15 min followed by perme-
abilization with 0.2% Triton X-100 (Sigma—Aldrich) for
5 min. Diluted primary antibody rabbit anti-nestin (1:500,
Abcam) was gently added and incubated at 4 °C for 48 h.
Secondary antibody donkey Anti-Rabbit [gG H&L (Alexa Fluor
647, Abcam) was incubated with cells for 1 h at room
temperature. Cell nuclei were then stained with DAPI (4/,6-
Diamidino-2-Phenylindole, Sigma—Aldrich) for 5 min. The
imaging was conducted using a laser scanning confocal
microscope (LSCM 710, Zeiss). The actin-cytoskeleton images
were used to quantify the cell shape descriptors by using ImageJ
software (particle analyzer plugin). At least three samples each
group were selected to perform the quantification.

In vitro electrical stimulation and NSC proliferation

The electrical stimulation device was developed in our lab
which fits a standard 24-well plate. The customized electrical
stimulator setup is comprised of an asymmetric biphasic
programmable electrical device and a printed circuit board,

which provides robust connections of the platinum electrodes.
Two platinum electrodes were positioned in each well and
ensured uniform stimulation. For proliferation study, NSCs were
seeded on ECNF scaffolds at a density of 10° cells per sample.
As control, NSCs were also cultured in PAN scaffolds. After
24 h of incubation, the medium was replaced and cells were
exposed to an electrical current of 100 nA and pulse rates of
100 Hz with 100 psec duration for another 24 h. Cell number
was then quantified by cell counting kit-8 (CCK-8, Dojindo)
according to the manufacturer’s instructions. Briefly, cells were
first washed with PBS three times. Afterwards, fresh medium
was added with 10% CCK-8 solution and incubated for 3 h.
100 puL medium was then transferred to a 96-well plate.
Absorbance was measured at 470 nm by a spectrophotometer
(Thermo Scientific Multiskan GO).

RT-PCR analysis

The gene expression of NSCs cultured on ECNF scaffold and
stimulated with electrical stimulation was analyzed by RT-PCR.
After 7 day incubation in a differentiation medium, the total RNA
of each sample was isolated using Trizol reagent (Life Technol-
ogies), according to manufacturer’s instructions. The RNA was
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Figure 2. SEM micrographs of (A) as-spun PAN and (B) annealed ECNF scaffolds, and (C and D) EDS elemental analyses of respective scaffolds. (E) The fiber

diameter distribution of the PAN and ECNF scaffolds.

Table 2
Elemental compositions of PAN and ECNFs.
Sample Carbon Nitrogen Oxygen
Atomic % PAN 69.7 18.0 122
ECNF 90.1 43 5.6
Weight % PAN 65.1 19.6 15.2
ECNF 87.8 4.9 7.3

then reverse-transcribed to complementary DNA (cDNA) by using
a Prime-Script™ reagent kit (TaKaRa). The obtained cDNA was
used in SYBR Green qPCR assay (TaKaRa) for gene expression

quantification. Data were normalized to the expression of the
housekeeping gene glyceraldehyde-3-phosphate-dehydrogenase
(GAPDH). The primers are listed in Table 1.

Immunocytochemistry analysis

NSCs were cultured on ECNF scaffolds with and without
electrical stimulation for 7 days in a differentiation medium.
Immunocytochemical characterization was then performed after
fixing cells in 10% formalin for 15 min. NSCs grown on ECNF
scaffolds were stained with specific neuronal marker. In brief, fixed
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Figure 3. Raman spectra of the PAN and ECNF scaffolds. The inset shows
the scaffold before and after carbonization.

cells were maintained 0.2% Triton X-100 5 min followed by
blocking with 1% bovine serum albumin (BSA), 22.52 mg/mL
glycine in PBST (PBS + 0.1% Tween 20) for 1 h at room
temperature. The primary antibody, anti-MAP2 (microtubule-
associated protein 2) antibody (1:500, Abcam) was then incubated
with cells for 48 h at4 °C. After PBS washes, the second antibody
(Alexa Fluor 647) was added and incubated with cells for another
1 h at room temperature. Nuclei were stained by DAPI. Cell
imaging was performed by confocal microscopy. MAP2 relative
expression and neurite length were analyzed by Imagel software
and the NeuriteTracer plugin. This plugin allows easy
semi-automatic tracing of neurons through immunostaining
images and to export the details of total neurite length. The
relative MAP2 expression area was also calculated by counting the
ratio of MAP2 positive area to the whole area of immunostaining
image using Image] software. Three samples were selected
randomly for this calculation.

Statistics

All quantitative data are expressed as mean + standard deviation.
Statistical analysis was performed using student’s 7 test. P < 0.05
was considered as statistical significance.

Results
Physicochemical properties of scaffolds

Figure 1 shows the schematic illustration of ECNF prepara-
tion, NSC culture, and electrical stimulation treatment. ECNFs
were obtained after stabilization and carbonization of as-spun
PAN fibers. Figure 2, A and B show SEM images of as-spun
PAN fibers and ECNFs. The diameter of as-spun PAN fibers
range from 500 to 1100 nm with an average of 780 £ 99 nm
(Figure 2, C). After annealing, the fibrous mat became compact
and the average diameter of fibers dramatically decreased to
384 + 99 nm with a range from 200 to 600 nm (Figure 2, C).

The elemental composition analyses revealed that atomic and
weight percentage of carbon greatly increased from 69.7% and 65.1%
to 90.1% and 87.8%, respectively (Table 2). Nitrogen content

decreased from 18% to 4.3% in atomic percentage, and 19.6% to
4.9% in weight percentage. These results indicated that carbonization
led to a chemical structure change of PAN to an analog of CNTs.***

ECNFs produced by electrospinning PAN solution are
usually brittle and rigid, and the mechanical weakness largely
limits their use as an integrated network structure for engineering
scaffold.”*** With the addition of PTA in the PAN solution, the
flexibility and porosity of ECNFs were significantly enhanced.
As shown in Supplementary movies 1 and 2, ECNFs maintain
their structural integrity and cohesive structure of the as-spun
PAN fibers after annealing at elevated temperature.

The Raman spectra illustrate chemical characteristics pre-
senting on fibrous scaffolds before and after carbonization
(Figure 3). In the heat treatment step, the scaffolds changed their
color from white to opaque black. The D-band at 1350 cm ™'
associating with disordered graphite, and G-band at 1582 cm ™
corresponding to ordered graphite are apparent for ECNF
scaffolds, whereas no signal was detected in the PAN scaffolds
before carbonization. ECNFs fabricated from annealing the
as-spun PAN scaffolds are electrical conductive, as illustrated by
the activated light-emitting diode (LED) (Figure 4, A, supporting
movie 2). Figure 4, B shows a cyclic voltammogram curve of the
ECNF scaffold. The relatively rectangular profile indicates that
annealed ECNFs have excellent electronic properties. Two
well-defined peaks are evident where the peak potential
separation is around 0.6 V.

In vitro biocompatibility and NSC proliferation with electrical
stimulation

In order to determine if the ECNF scaffold can support cell
viability and growth, mouse NSCs were seeded onto ECNF
scaffolds. The cell growth morphology was examined and
compared with that on the PAN scaffold and glass controls. Over
the course of 2 days, NSCs remained viable on ECNF and PAN
scaffolds as illustrated by the expression of nestin in all groups
(Figure 5, A). However, when compared to cells on glass with a
confluent irregular shape, there is a distinct difference in the
morphology of cells grown on the PAN scaffold, where NSCs
exhibit round morphology and less nestin expression (Figure 5, B).
In contrast, cells on ECNF scaffold developed into elongated
morphology which is analogous to that of on glass.

Improved NSC proliferation under electrical stimulation

It was indicated that the electrical stimulation could influence
cell adhesion and proliferation of stem cells.”’ In this study, a
100 pA direct current was selected to stimulate cells on PAN and
ECNF scaffolds. The scheme of stimulating device is shown in
Figure 6, A. Our results revealed that the NSC proliferation on
conductive ECNF scaffolds was significantly higher than that
without electrical stimulation and the non-conductive PAN
scaffold after 24 h stimulation (Figure 6, B). The cell
proliferation rate on ECNF scaffolds with electrical stimulation
increased 35%, 31%, and 47% when compared to cells on
ECNFs without electrical stimulation, PAN with electrical
stimulation, and PAN without electrical stimulation. There is
no significant difference of cell proliferation when electrical
stimulation was conducted on non-conductive PAN scaffolds.
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Figure 4. Electrochemical properties of the ECNF scaffold. (A) Demonstration of electrical conductivity, showing an ECNF scaffold incorporated into a circuit
with an LED. Yellow arrow highlights the punched ECNF scaffold. (B) Cyclic voltammogram of the ECNF scaffold.
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Figure 7. Gene expressions of NSCs on ECNF scaffolds with or without
electrical stimulation when compared to TCPs for 7 days of culture. The data
were normalized to the expression levels of cells on TCPs. Data are reported
as mean + standard deviation, n = 4, *P < 0.05, **P < 0.01.

Enhanced neuronal differentiation and maturation under
electrical stimulation

To investigate the effect of electrical stimulation through ECNF
scaffolds on NSC fate during differentiation, cells were cultured in
a differentiation medium and the expression patterns of glial and
neurogenic genes, nestin, glial fibrillary acidic protein (GFAP),
neuron-specific class III B-tubulin (Tujl) and MAP2, were
analyzed after 7 days of culture. The results indicate that the
differentiation of NSCs on ECNF scaffolds was significantly
different from that on tissue culture plates (TCPs) (Figure 7). The
cells cultured on ECNF scaffolds, regardless of with electrical
stimulation or not, showed a significant higher expression of Tujl
and MAP2 when compared to those grown on TCPs. The highest
expression of these two genes was observed on ECNF scaffolds in
the presence of electrical stimulation. There was a 3.9-fold increase
in expression of Tujl, an early stage neuronal differentiation
marker, on ECNF scaffolds with electrical stimulation in
comparison with TCP controls. Tujl expression on ECNFs
without electrical stimulation also showed a 2.4-fold higher than
that of TCP controls. Similarly, upregulated expression of late

stage neuronal differentiation marker MAP2 was observed on
ECNF scaffolds with and without electrical stimulation relative to
cells on TCPs, demonstrating 2.2-fold and 1.6-fold upregulation,
respectively. In contrast, the astrocyte marker GFAP expression
was downregulated on both groups of ECNF scaffolds with and
without electrical stimulation. However, the nestin expression was
just downregulated on non-electrical stimulated cells on ECNFs.
These results demonstrate that the ECNFs have inherent
neuronal-inducing capabilities.

The phenotype of NSCs under different conditions was
assessed by staining MAP2 (a mature neuron maker). Figure 8
shows the immunofluorescence results of MAP2 for the electrical
stimulated and unstimulated cells after 7 days in culture. MAP2
was significantly more expressed and displayed a greater intensity
when cells underwent electrical stimulation. Additionally, neurite
extension and elongation were more distinguished in the
electrically stimulated group (Figure 8, B and C).

Discussion

In this report, we fabricated a highly conductive ECNF scaffold
for guiding NSC functions and regenerative medicine application.
The controllable process of synthesizing ECNFs offers many
advantages, such as the generation of nano-features of scaffolds.
Nanoscale conductive materials more closely resemble the features
of life building blocks, such as proteins, nucleic acids, lipids, and
carbohydrates.?® Thus, we postulated that nano-features of our
ECNF scaffolds can directly regulate NSC growth and differen-
tiation. Different from most of current developed carbon based
nanoscale scaffolds which usually are fabricated by doping or
depositing fragmentary conductive CNFs, CNTs, or graphene into
bulk materials, our ECNF scaffold was generated with integrated
network structure (Figure 2, B). Through an annealing process, the
structures in original polymer which might impair cell growth were
removed and the scaffold was fully carbonized endowing excellent
electrical conductivity (Figure 3). More importantly, our ECNF
scaffold presents excellent flexibility (supporting movie 1),
making it an excellent substrate for neural tissue engineering.
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When compared to cells on PAN scaffolds presenting relatively
round morphology, the carbonized ECNF scaffolds supported
robust cell spreading and well organized cytoskeletal fibers. This
improvement might partially contribute to the graphitic structure of
ECNFs formed by a carbonization treatment. After annealing, PAN
yielded a graphitic structure similar to CNTs.>’ The m-electron
clouds in this structure have been reported to facilitate the ECM
protein adsorption and result in minimal conformational change,
which improved the cell adhesion to the surface of scaffolds.*”
Importantly, the carbonized ECNF scaffolds process excellent
conductive properties, allowing introducing external electrical
stimulation to interact with the cells on them. Both in vitro and
in vivo results revealed the effectiveness of direct electrical
stimulation as a relatively simple, flexible strategy on improving
cell or tissue functions.?'*?

A biphasic current pulse has employed in several neural
stimulation applications to stimulate the neural tissues for various
diseases and injuries.* >® Particularly in our study, a magnitude of
100 uA biphasic current with 100 usec pulsed at 100 Hz exerted a
significantly high cell proliferation on our electroactive ECNF
scaffolds compared to that of PAN scaffolds. The biphasic current

used in our study holds several advantages when compared with
direct current, capacitive coupling and inductive coupling which are
popularly used in tissue engineering for electrical stimulation. Such
electrical stimulation waveforms and patterns are able to lower the
risk of faradic by-products generation including hydrogen peroxide,
free radicals, hydroxyl, ezc., reduce the charged protein accumulation
(which impedes current flow) around electrode surfaces, as well as
avoid the increase of pH value when exerting stimulation.*” The
effect of electrical stimulation on cell proliferation has been reported
when it was applied on adipose-derived stem cells (ADSC).40 It was
found that the electrical stimulation can upregulate the proliferating
cell nuclear antigen (a DNA polymerase-associated protein) and
extracellular signal-regulated kinases 1 and 2 (molecules typically
involved in transduction of proliferative signals) pathways as well as
enhance cell proliferation rate.** Meanwhile, the multi-potentiality
of stem cells was not compromised by the promoted proliferation.
In addition to the proliferative effect, electrical stimulation is
also able to modulate stem cell differentiation fate and neurite
outgrowth.*"*> In use of NSCs for neural regeneration, it is
preferable to direct cell differentiation more toward neurons than
glial cells."*** By applying electrical stimulation to annealed
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ECNF scaffold, we discovered the enhanced neuronal differenti-
ation of NSCs when compared to that of electrical stimulation
absence and cells on TCPs as illustrated by the gene expression
analyses (Figure 7). The immunofluorescence results also suggest
that the electrically stimulated NSCs on ECNF scaffold have
programmed their differentiation toward neuronal lineage (Figure 8).
It has been demonstrated that the electrical stimulation can change
the local electrical field of ECM molecules, resulting in increased
fibronectin adsorption to electrically conducting scaffolds.**
Fibronectin is a glycoprotein that plays crucial roles in cell
attachment and neurite outgrowth. The electrical conducting
properties of ECNFs can guarantee that electrical stimulation
through this conductive scaffold would be predominantly concen-
trate on the area around the scaffold, permitting spatial control of
stimulation. Another mechanism in the literature suggested that the
depolarization caused by electrical stimulation influences neural cell
differentiation. In neural stem cells, the intracellular fluid has
different potential with extracellular fluid, and neurite outgrowth is
induced by depolarization.””*> When external electrical stimulation
exceeds a threshold, an extra depolarization that resulted from action
potential will generate and lead to improved neurite extension. These
alterations might contribute to the enhanced neuronal differentiation
of NSCs grown on our ECNF scaffold and stimulated by an electrical
current.

In conclusion, we fabricated a novel ECNF scaffold by
annealing electrospun polymer fibers. The ECNFs exhibit high
flexibility and excellent electrical conductivity. It was demon-
strated the proliferation of NSCs was promoted on the ECNF
scaffold with electrical stimulation. The ECNFs affect the NSCs’
fate during differentiation, illustrating the upregulated neuronal
differentiation. More mature neurons were also observed in the
electrically stimulated group. The findings showed great promise
in use of combining ECNFs as conducting microenvironments
and electrical stimulation for neural tissue engineering.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.nano0.2017.03.018.
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