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Anisotropic architecture and electrical stimulation
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graphene embedded PVA: alginate fibrous scaffold+
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Tough scaffolds comprised of aligned and conductive fibers are promising for peripheral nerve regeneration
due to their unique mechanical and electrical properties. Several studies have confirmed that electrical
stimulation can control the axonal extension in vitro. However, the stimulatory effects of scaffold
architecture and electrical stimulation have not yet been investigated in detail. Here, we assessed
a comparison between aligned and random fibers made of graphene (Gr) embedded sodium alginate
(SA) polyvinyl alcohol (PVA) (Gr-AP scaffolds) for peripheral nerve engineering. The effects of applied
electrical stimulation and orientation of the fabricated fibers on the in vitro attachment, alignment, and
proliferation of PC12 cells (a rat neuronal cell line) were investigated. The results revealed that the
aligned fibrous Gr-AP scaffolds closely mimicked the anisotropic structure of the native sciatic nerve.

Aligned fibrous Gr-AP scaffolds significantly improved mechanical properties as well as cell-scaffold
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Accepted 31st January 2018 integration compared to random fibrous scaffolds. In addition, electrical stimulation significantly

improved PC12 cell proliferation. In summary, our findings revealed that aligned fibrous Gr-AP scaffolds

DOI: 10.1039/c7ra13136d offered superior mechanical characteristics and structural properties that enhanced neural cell-substrate
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1. Introduction

Peripheral nerve injuries caused by trauma or oncologic resec-
tion are a frequent cause of significant functional impairment
and long-term disability in patients due to the limited intrinsic
capacity of nerves to repair after damage.® Currently, few
effective solutions are available to successfully promote
peripheral nerve regeneration and functional recovery,” aside
from autologous nerve grafting which results in donor site
morbidity, loss of sensation, and neuroma formation. Tissue
engineering is a promising strategy to regenerate human tissues
or organs® with the aim to restore and maintain the function-
ality of damaged tissues.>* Tissue engineered nerve scaffolds,
such as conduits, have shown the potential to promote nerve
regeneration in clinical trials and might offer a valuable
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interactions, resulting in a promising construct for nerve tissue regeneration.

alternative to autologous grafts in the future.>” However, these
materials have not been able to match the properties and in vivo
efficacy of autologous nerves, suggesting the need for further
research and optimization. For nerve regeneration, scaffolds
require fundamental properties including biocompatibility,
biodegradability, physiologically relevant flexibility and
mechanical strength, hydrophilicity to promote cell adhesion
and be semipermeability.*** The anisotropic structure of the
substratum has proven to be an important property of the
tissue, promoting neurite outgrowth after peripheral nerve
injuries.'* This alignment aids cell migration and organization
along the nerve fiber preferred direction. Electrospun, aligned
fibrous scaffolds have been widely used for nerve tissue regen-
eration due to their structural similarity to native extracellular
matrix (ECM) architecture.'®****'* For instance, Gupta et al.'*
have developed aligned and random polycaprolactone (PCL)/
gelatin based fibrous scaffolds and showed that aligned fibers
could control Schwann cell function, leading to growth of
regenerating axons in nerve tissue.

Another strategy that has been explored in nerve tissue
engineering is the use of scaffolds with electrically conductive
properties to transmit electro-chemical signals to direct the
proximal outgrowth axons along the desired path.*>*¢ Therefore,
the application of conductive materials to support the electrical
conduction of damaged or defective nerves has been shown to
be effective for nervous system regeneration.® It has been shown
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that aligned and conductive fibrous scaffolds could provide
better contact guidance effects in neurite outgrowth.*®*>*7-*°

Among various conductive materials, graphene based
nanomaterials are promising for neural tissue engineering
applications.”®?> Graphene based nanomaterials have advan-
tages including appropriate electrical conductivity, biocompat-
ibility and high electrical stability, and have been shown to
improve the mechanical properties of polymeric hybrid scaf-
folds as well.”® Previous studies used polymers with graphene-
based nanomaterials that possess the desired material proper-
ties to obtain hybrid composites with superb material proper-
ties and electrical conductivity. Previously, we optimized the
concentration of graphene nanosheets to obtain maximum
conductivity and minimum cell-toxicity in hybrid PVA-sodium
alginate scaffolds.>® We found that a hybrid scaffold consist-
ing of 1% graphene (Gr-AP) could provide optimum chemical
and electrical properties for neural cell proliferation. However,
based on observations from prior reports,"”* fiber alignment
could lead to optimal cell alignment in guiding orientation of
axonal growth.

In the present study, we developed aligned Gr-AP fibrous
scaffolds using a modified electrospinning approach. To mimic
the anisotropic structure of the native peripheral nervous
system, aligned fibers were produced using a manual-rotating
collector with a specifically designed cage apparatus. The scaf-
folds were seeded and cultured under electrical stimulation to
obtain optimum neural regeneration conditions. To the best of
our knowledge, this is the first attempt to evaluate the effects of
electrical stimulation on the on the functionality of PC12 cells
cultured on graphene based aligned and conductive fibrous
scaffolds. This tough and flexible hybrid Gr-AP fibrous scaffold
with enhanced electrophysiological functionalities has the
potential to guide the topographical, mechanical and electrical
signals to support in situ nerve regeneration.

2. Experimental

2.1. Materials

Polyvinyl alcohol (PVA, M,, = 72 000) and sodium alginate (SA,
M,, = 80 000-120 000) were purchased from Sigma Aldrich Co,
St Louis, MO, USA and graphene (less than 32 layers, purity
>99.5%) was purchased from Nanosany Corporation, Iran. PC12
cells were obtained from the Pasteur Institute, Iran (NCBI code:
C153) for cell culture studies. Dulbecco's Modified Eagle's
Medium Hi-glutamine (DMEM-HI), trypsin-EDTA and antibi-
otics were obtained from Bioidea, Iran; fetal bovine serum (FBS)
was obtained from GIBCO, Gaithersburg, MD, USA; and horse
serum (HS) was purchased from Bahar Afshan, Iran. Para-
formaldehyde (PF), DAPI (40,6-diamidino-2-phenylindole), and
glutaraldehyde were obtained from Sigma Aldrich Co.

2.2. Development of aligned fibrous Gr-AP scaffolds

Prior to electrospinning, 1 wt% graphene: SA:PVA (Gr-AP)
suspension was prepared. Briefly, SA was dissolved with the
concentration of 4 wt% in distilled water and glycerol (4 : 3

volume ratio). Separately, PVA solution with 8 wt%
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concentration was prepared in distilled water. After mixing PVA
and SA solutions at 80 : 20 volume ratio, 1 wt% graphene and
0.5 wt% Triton X-100 were added to the polymeric solution to
enhance spinnability, subsequently. The polymer suspensions
were sonicated for 30 min at room temperature to provide
a homogenous dispersion of graphene nanosheets and subse-
quently fed into a 1 ml syringe with a 23 G blunt stainless steel
needle. The electrospinning process was performed at constant
voltage and flow rate at the tip-to-collector distance of 18 kV,
0.12 ml h™" and 10 cm, respectively. In order to fabricate
aligned scaffolds, a cage cylinder made of copper was used as
a collector and established to guide the fibers with high accu-
racy (ESI Fig. S11). The distance between the cage bars was set to
1 cm and the collector was rotated at 800 rpm. Random fibrous
scaffolds were deposited on an aluminium foil slide placed on
the collector plate. Aligned and random fibrous scaffolds were
termed A:Gr-AP and R:Gr-AP, respectively.

Finally, in order to crosslink the scaffolds, they were placed
at 80 °C overnight and subsequently immersed in methanol for
1 h to crosslink PVA. In order to crosslink SA, the scaffolds were
immersed in 2 wt% CaCl, solution for 1 h and finally dried
overnight under vacuum prior to further characterization and
biological experiments.

2.3. Characterization of aligned fibrous Gr-AP scaffolds

The surface morphology of hybrid A:Gr-AP and R:Gr-AP fibrous
scaffolds were studied using a scanning electron microscope
(XL30 SEM, Philips, Netherlands), after sputter coating with
gold. The average diameter of fibers was analysed from the SEM
images (n = 20) using image analysis software. Additionally, the
fiber orientation of each scaffold was evaluated using MATLAB
(MathWorks Inc., Natick, MA, USA) before and after the cross-
linking process. Fast Fourier Transform (FFT) analysis was used
to quantify the fiber orientation according to previous proce-
dures.” According to this analysis, the orientation index
approached 90° for random fibers orientations; while for
aligned fibers, the orientation index approached zero.*®
Furthermore, the graphene distribution within the A:Gr-AP
fibrous scaffolds was assessed using a transmission electron
microscope (TEM) (Philips EM208S 100 kV). The functional
groups on the surface of the fibrous scaffolds were identified
using Fourier transformer infrared (FTIR) spectroscopy per-
formed over a range of 600-4000 cm ™ and resolution of 2 cm ™.
In addition, X-ray diffraction (XRD, X' Pert Pro X-ray diffrac-
tometer, Phillips) technique was carried out with Cu Ko radia-
tion (A = 0.154 nm, 40 kV, 40 mA). The water contact angle of the
scaffolds (n = 3) was measured by sessile drop method with
a G10 contact angle goniometer at room temperature. A water
droplet (4 pl) was placed on the scaffold surfaces and the
contact angle was measured after 0, 10 and 20 s. The measured
contact angle value reflects the hydrophilicity of the scaffolds.

The tensile properties of hybrid scaffolds with length: 10 mm
x 40 mm were determined using uniaxial tensile tester machine
(Hounsfield H25KS, Shakopee, MN, USA) with a cell load
capacity of 10 N at a rate of 3 mm min™'. Before mechanical
testing, the samples were soaked in PBS for 1 day at room

This journal is © The Royal Society of Chemistry 2018
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temperature. The stress-strain curves were plotted (n = 5) and
energy per volume (toughness) and elastic modulus were ob-
tained. To observe the mechanical behavior of aligned fibrous
scaffolds, tensile samples were prepared parallel and perpen-
dicular to the direction of the uniaxial oriented fibers.

2.4 Cell culture

Before cell seeding, the scaffolds were sterilized for 30 min in
70% (v/v) ethanol and 2 h under ultraviolent (UV) light and
subsequently immersed in complete culture medium overnight
prior to cell seeding in 24-well plates. The PC12 cell-line was
cultured in DMEM-HI supplemented with 10% (v/v) horse
serum (HS), 5% (v/v) fetal bovine serum (FBS), and 1% (v/v)
penicillin/streptomycin at 37 °C in a humidified atmosphere
containing 5% CO,. The PC12 cells were seeded on the scaffolds
(n = 3) and tissue culture plates as a control with a density of 2
x 10° cells per well. Cells were incubated at 37 °C under 5% CO,
for 7 days and medium was changed every three days.

2.4.1. Cell attachment, orientation and spreading. Cell
attachment and orientation on the various samples was quan-
tified by counting cellular nuclei after 1, 4 and 7 days of culture.
To stain the nuclei of the cells, after rinsing with PBS, the cell-
seeded samples were fixed in 4% paraformaldehyde (PF) solu-
tion in PBS for 30 min. Then, 0.1 pg ml~" DAPI (40, 6-diamidino-
2-phenylindole) (Sigma Aldrich Co) solution in PBS was added
to each sample and kept in an incubator for 10 min to stain the
nuclei. After three rinses with PBS, the fluorescence images of
the cells’ nuclei were captured from 3-5 different regions of the
samples and the number of cell nuclei within each field was
counted using NIH Image J software and the orientation of the
cell nucleus was measured by Marcos plugin in NIH Image J
software.

The spreading of PC12 cells cultured on the scaffolds for 7
days was evaluated by SEM. After 3 h fixation with 2.5% (v/v)
glutaraldehyde (Sigma Aldrich Co), the samples were rinsed
with PBS and dehydrated in graded concentrations of ethanol
30, 70, 90, 96 and 100% (v/v) for 10 min. Finally, they were air
dried, gold-coated and evaluated with SEM imaging.

2.4.2. Cell viability and proliferation. The viability and
proliferation of PC12 cells seeded on the various scaffolds were
investigated using MTT and resazurin assays, respectively. MTT
assays were performed to evaluate the viability of PC12 cells. At
specific times of incubation (1, 4 and 7 days), after discarding
the culture medium, the samples and controls (n = 3) were
incubated with MTT solution at 0.5 mg ml~" for 4 h. After
formation of formazan, dimethyl sulfoxide (DMSO) was added
to each sample to dissolve stabilized crystals and kept for 1 h at
37 °C. Then, the optical density (OD) of the samples was
measured with a microplate reader (BioTek, Model ELX800,
Winooski, VT, USA) against DMSO (blank) at a wavelength of
490 nm. The relative cell survival (to % control) was reported.

The resazurin assay is based on the reduction of resazurin,
a normally non-fluorescent compound, to resorufin, a fluores-
cent metabolite, due to the highly reducing milieu of living
cells.”” After discarding the culture medium from samples,
resazurin solution (concentration of 10 pg ml™' in complete
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medium) was added to each sample and kept in an incubator
for 4 h, until the color of the resazurin solution was changed.
Subsequently, the absorbance of each solution was read at
630 nm using a microplate reader.

2.4.3. Electrical stimulation. To study the effect of electric
field stimulation on cell proliferation, electrical stimulation was
performed. PC12 cells at a density of 2 x 10° cells per well were
seeded onto the fibrous scaffolds as well as tissue culture plates
(TCP, control), cultured in DMEM-HI supplemented with 10%
(viv) HS, 5% (v/v) FBS, and 1% (v/v) penicillin/streptomycin and
incubated for 24 h to permit attachment and spreading. Electric
field stimulation was performed after 24 h of culture using
a modified setup according to previously established proto-
cols.”® Briefly, cell seeded samples were exposed to a steady
potential of 1 V for 60 minutes using a silver electrode (as
anode) and a platinum electrode (as cathode) inserted at
opposite ends of the samples (10 mm spacing). After electrical
stimulation, the cell culture media was refreshed and the cells
were incubated for 7 days at 37 °C in 5% CO, incubator. The
effects of electrical stimulation on PC12 function was evaluated
using MTT and resazurin assays at 1, 4, and 7 days after elec-
trical stimulation, similar to the previous protocol in Section
2.4.1.

2.5. Statistical analysis

Statistical analysis was performed with Graphpad Prism 6, to
evaluate the differences in each group; all data were expressed
as the mean =+ SD. The experimental values were analyzed using
one-way ANOVA and student's t-test. The statistical significance
was defined as p < 0.05 and p < 0.01, as noted.

3. Result and discussion

3.1. Fabrication and characterization of the Gr-AP scaffolds

Treatment for peripheral nerve injuries requires additional
medical therapy, in order to promote effective nerve regenera-
tion for nerve defects larger than 2-3 cm.*'**% Currently, use
of autologous nerve grafts are the gold standard. However, the
procedure creates donor site morbidity, and is not always
possible. Alternatives includes cadaveric nerve donor tissue or
nerve conduits. Development of a functionalized nerve conduit,
using conductive nanoparticles and electrical signal propaga-
tion along the scaffold to improve nerve regeneration could
offer a valuable potential solution for peripheral nerve injury.
According to our previous research,* randomly oriented Gr-AP
fibrous scaffolds were developed and optimized for electrical
conductance, obtained at 1 wt% graphene content. In order to
better mimic native nerve tissue, aligned Gr-AP fibrous scaffolds
were fabricated by electrospinning using a cage collector
(Fig. 1A and ESI Fig. S1t) rotating at 3750 rpm. As shown in
Fig. 1B and D, aligned fibrous scaffolds consisting of graphene
nanosheets were developed and physical and chemical inter-
actions between polymeric matrix and graphene nanosheets
confirmed equally distributed graphene within the alginate-PVA
matrix formed after the crosslinking process.

RSC Adv., 2018, 8, 6381-6389 | 6383
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Fraction of F-actin filaments.

Fig. 1 Structural properties of aligned fibrous Gr-AP (A:Gr-AP) scaf-
folds: (A) schematic of electrospinning approach for the controlled
design of aligned oriented fibrous scaffolds. (B) Representation of the
graphene distribution and interaction with AP polymeric matrix after
crosslinking process. (C) SEM images (at two different magnifications)
and FFT image of aligned fibrous scaffold before crosslinking process.
(D) TEM image of well-distributed graphene within AP fibers. (E) SEM
and FFT image of random fibrous Gr-AP scaffold, before crosslinking
process. (F) The average fiber size of aligned and random fibrous
scaffolds before and after crosslinking. (G) Radial plot of the relative
pixel intensity at a radius versus the angle (°) caused by the inherent
symmetry of the raw 2-D FFT output. (H) The average orientation index
of fibrous scaffolds, revealing that aligned fibers enhanced fiber
orientation (*P < 0.05).

As shown in Fig. 1C, A:Gr-AP scaffolds, depicted in two
different magnifications, consisted of highly uniform fibers
without any observable beading. TEM imaging of A:Gr-AP
(Fig. 1D) also confirmed that individual graphene nanosheets
with a size of 88 &= 13 nm were well distributed in the polymeric
matrix without any agglomeration, confirming the mono-
dispersion of graphene nanosheets within the AP matrix.
Based on percolation theory,* the uniform distribution of gra-
phene nanosheets in polymeric fibers could result in the
formation of a conductive network during electrical stimula-
tion. In order to better clarify the role of fiber alignment on cell
behavior, randomly oriented fibrous Gr-AP (R:Gr-AP) scaffold
was fabricated using the electrospinning system with an
aluminium plate as a collector. SEM imaging of R:Gr-AP
revealed the formation of uniform and bead-free fibers with
interconnected pores (Fig. 1E). The significantly smaller fiber
size of the A:Gr-AP scaffold, 240.1 £ 35.3 nm, compared to R:Gr-
AP scaffold with fiber size of 296.8 & 41.8 nm (Fig. 1F) could be
due to enhanced surface tension in the retractable fibers on the
surface of the rotating drum. Similar results were reported
previously in the study of the development of poly(glycerol
sebacate) (PGS):gelatin fibrous scaffolds.* We showed that the
fiber size of gelatin scaffolds decreased from 510 nm to 390 nm
when the architecture of fibers changed from random to
aligned. SEM images confirmed the arrangement of fibers
resulted in reduced pore size of crosslinked A:Gr-AP from 1.37 +
0.6 um to 0.64 £ 0.03 pm. However, the pore size of the scaffolds
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cannot exceed a certain size, to potentially avoid inflammatory
cells from migrating into the lumen, and to diminish the
diffusion of growth factors out of the guide lumen.**>* A
previous study confirmed that the ideal scaffolds for nerve
tissue engineering should have nano to micro-pore sizes (50 nm
to 5 um) to allow diffusion of oxygen, nutrients, neurotrophic
factors such as growth factors, and prevent the infiltration of
fibrous tissues.*

To reduce the degradation rate of the fibrous scaffold in
biological media and eventually in vivo, the scaffolds were
crosslinked in two steps of physical and chemical processes.
PVA was covalently crosslinked using heat treatment and
methanol followed by ionically crosslinking alginate using
a CacCl, solution according to our previously reported method.>*
SEM images of crosslinked Gr-AP scaffolds (ESI Fig. S21) also
show the variations in the morphology of scaffolds and
increased average fiber diameter following crosslinking. The
average fiber diameter of A:Gr-AP scaffold was enhanced 1.8
times to 555 + 22 nm (Fig. 1F). Such observations are in
agreement with previous studies conducted on PGS-gelatin®?
and CNT-PGS:gelatin (CNT-PG)** where the average fiber
diameter of the crosslinked 1.5% CNT-PG scaffold was in the
range of 210 nm, while the average fiber size of 1.5% CNT-PG
scaffold was approximately 167 nm.>® This could be due to the
hydrophilicity of the polymeric matrix absorbing water and
swelling of the fibers during the crosslinking process.****
Similar to uncrosslinked scaffolds, the average fiber sizes of the
crosslinked scaffolds significantly decreased through changing
the architecture of scaffolds from random (353 £+ 60 nm) to
aligned (276 + 69 nm) (Fig. 1F).

The degree of alignment in Gr-AP scaffolds as a fundamental
feature affecting the organization of the cells was also estimated
using an FFT-based analysis technique based on the SEM
images (Fig. 1C and E and ESI Fig. S21). Angular increments
were measured and the orientation index (OI) was calculated
using these curves (Fig. 1G), representing 50% of the total area
under the fraction curve centered at the angle, correlated with
the highest frequency (Fig. 1H). It has been shown that a lower
orientation index correlates with a thinner mean scattering and
increase in parallel fibers.** Results demonstrated that the
orientation index of A:Gr-AP (OI = 28.7°) was lower than that of
R:Gr-AP (75°). The orientation of nerve fibers (Fig. 1G and H)
was also measured using FFT analysis of histological images of
a native sciatic nerve.*® Our results revealed that the orientation
index value of the A:Gr-AP scaffold closely matched that of
native nerve fibers (OI = 26.8°). Therefore, A:Gr-AP scaffolds
structurally mimic the native structures suggesting that this
may enhance the alignment of PC12 cells.

In order to evaluate the hydrophilicity of the scaffolds, the
water contact angle values of the randomly oriented and aligned
fibrous Gr-AP scaffolds were measured after 0, 10 and 20 s, and
the averaged angles were estimated at 25.9 £+ 0.6° and 20.6 +
0.8° after 20 s (p < 0.05) (ESI Fig. S31), respectively. Generally,
water contact angle is affected by both surface chemical and
physical properties. Both PVA and alginate polymers consist of
functional groups such as hydroxyl (OH) and carboxyl (COO™)
with high affinity for interaction with water molecules.*!

This journal is © The Royal Society of Chemistry 2018
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Therefore, aligned and random fibrous scaffolds were relatively
hydrophilic, as reported previously.*>** However, the significant
difference between the water contact angles of these two scaf-
folds could correspond to their different structural properties.
The increase in the wettability of aligned fibrous scaffolds
compared to random one might be related to the acicular shape
of the pores in the A:Gr-AP scaffold (ESI Fig. S2 and S3}) which
facilitate the spreading of water drops on the surface. This
result suggested that an aligned, oriented surface could be an
appropriate option for fabricating polymeric biomedical scaf-
folds with strong wettability properties.>>**

Chemical characterization of the crosslinked scaffolds was
conducted using FTIR analysis (Fig. 2A) and XRD patterns
(Fig. 2B). FTIR spectra of PVA, alginate and graphene were
also provided to evaluate the internal interaction between
components. The typical peak of PVA was a broad peak
covering the wavenumber 780 cm ', corresponding to the
vibration of the O-H group. The absorption peak centering at
846 cm ™' was related to the vibration of the C-H group and
two broad peaks covering the range of 1041 and 1093 cm "
were corresponded to the stretching vibration of the C-O and
C-O-C groups.”” Moreover, pure alginate powder revealed
a sharp asymmetric carboxylate band at 1612 cm ' and
a broad hydroxyl band at 3296 cm™".** The FTIR spectrum of
Gr-AP fibrous scaffolds consisted of both peaks related to PVA
and alginate. Compared to FTIR spectra of alginate and PVA,
FTIR spectrum of the Gr-AP scaffold revealed the formation of
hydrogen bonding between the hydroxyl groups of PVA and
alginate which moderated the interaction between alginate
macromolecules and amended the electro-spinnability of algi-
nate with PVA.** The O-H and C-H bonds at 846 cm™" and
1093 cm ™, respectively, relating to PVA polymer, shifted to
lower wavenumbers (indicated by red arrows) and the intensity
of some absorption bands of PVA (in 846, 1093, 1250 and
3320 cm™ " related to C-H, C-O-C, C-H and O-H bonding) were
reduced confirming the formation of hydrogen bonding
between graphene and polymeric matrices after the two-step
crosslinking process.

-Algi B
A Ca-Alginate Ca-Alginate
PVA
3 -
s 3
2 < PVA
s Gr-AP 2
c ‘@
[ c .
= k] Gr-AP
£
Graphene Graphene
4000 3500 3000 2500 2000 1500 1000 2 7 2 27 R W 2 a4 %2
20 (Degree)

Wavenumber (cm)

Fig. 2 Chemical characterization of Gr-AP scaffolds: (A) FTIR spectra
and (B) XRD patterns of Gr-AP scaffolds (after crosslinking process) as
well as PVA, alginate and graphene nanosheets.
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Analyzing the XRD patterns of fibrous scaffolds after the
crosslinking process (Fig. 2B) revealed that Gr-AP scaffolds only
consisted of two diffraction peaks at 20 = 19.6° and 26.6°. The
first peak at 20 = 19.6° was related to the homogenous mixing
of PVA and alginate within the fibers and the second was gra-
phene nanosheet's characteristic peak according to other
researches.””*® According to XRD patterns of pure PVA and
alginate, both were semicrystalline with a broad peak at 20 =
19.3° and 26.6°, respectively. After mixing, both peaks dis-
appeared and only one peak at 20 = 19.6° could be detected
which could be due to their homogeneous blending and the
interactions between them. This behavior was similarly re-
ported in previous studies.***®

The tensile properties of the aligned and random fibrous
scaffolds were measured at room temperature to determine
their strength, elastic modulus and toughness (Fig. 3A and B).
The two types of scaffolds exhibited similar stress-strain trends;
alinear region followed by plastic deformation without necking.
As shown in Fig. 3A, the aligned fibrous scaffolds had improved
mechanical strength and less flexibility compared to the
randomly oriented fibrous scaffolds. The mechanical strength
and elongation of A:Gr-AP versus R:Gr-AP scaffolds were 29.6 +
6.7 MPa and 72.1 + 24.8%, and 22.0 &+ 1.7 MPa and 116.3 +
25.7%, respectively, confirming the effective role of the scaffold
architecture and fiber orientations on the scaffold's mechanical
properties, especially toughness. Elastic modulus (based on the
initial 4% strain) and toughness of scaffolds were derived from
the stress—strain curves (Fig. 3C and D). Based on our results,
A:Gr-AP scaffolds had a higher elastic modulus (1.5 times) and
toughness (1.7 times) compared to R:Gr-AP which was due to
the orientation of fibers along the direction of the tensile load.
During tensile loading, only the fibers oriented along the
loading direction experienced the stretching force.”* These

A 30
AGr-AP B P
25 25 *
T RGr-AP F2 "””Il”
£ s 1T
@15 15 |
| ¢
@ 10 310
5 5 PP
0 0
0 10 20 30 40 50 60 70 8 90 100 110 12 ° P 20 30 0 50 0 70
Strain% Strain %
c E '

N @

N

Tensile Modulus (MPa)
Toughness (MPa)

0
R:Gr-AP  A:Gr-AP RiGr-AP  A:Gr-AP

Fig. 3 Mechanical properties Gr-AP scaffolds at two different archi-
tectures of aligned and random fibers: (A) representative stress—strain
curves of aligned and random fibrous Gr-AP scaffolds. (B) Represen-
tative stress—strain curves of aligned fibrous Gr-AP scaffolds in two
different directions: in parallel (PL) and perpendicular (PP) to the
aligned oriented fibers. The average (C) tensile modulus and (D)
toughness of the fibrous scaffolds (*P < 0.01) were measured and
depicted for comparison. (E) The schematic illustration of aligned and
random fibrous scaffolds during the stretching of the contact point of
fibers.
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results were similarly reported in previous studies as well.**>%
For instance, English et al.>* fabricated polyglycolic acid fibrous
scaffolds for corneal tissue engineering where they showed that
aligned, orientated electrospun fibers exhibited considerably
higher stress at break values than their random counterparts
(1.5 times), while randomly orientated electrospun fibers
exhibited significantly higher strain at break values than the
aligned orientated scaffold (2.5 times). In another study by
Cooper et al.,”® a blend of chitosan-polycaprolactone (PCL)
nanofibrous scaffolds with unidirectional fibers was developed
using electrospinning for skeletal muscle tissue reconstruction.
Results showed that the tensile modulus and strength of the
aligned nanofibrous scaffolds (51.54 MPa and 13.21 MPa,
respectively) were significantly greater than those of in
randomly oriented nanofibrous scaffolds (8.85 and 3.53 MPa,
respectively).>

To demonstrate the anisotropic mechanical properties of
A:Gr-AP scaffolds, mechanical properties were tested in two
directions, parallel (PL) and perpendicular (PP). The stress-
strain curves of the A:Gr-AP scaffolds in two different orienta-
tions, PL and PP, revealed considerably different mechanical
properties confirming the anisotropic structure of A:Gr-AP
scaffolds (Fig. 3B). Aligned fibrous scaffold in the PP direction
had less tensile modulus (9.6 & 0.7 MPa) and toughness (2.5 +
1.5 MPa) compared to the PL direction (Fig. 3C and D), which
was due to the weak interaction of adjacent fibers. The lack of
physical and chemical bonding between the fibers (perpendic-
ular to their orientation) resulted in more flexibility and weaker
scaffolds in PP direction. These results were consistent with
previous studies where aligned silk fibroin fibrous scaffolds
were developed for peripheral nerve regeneration. The scaffolds
exhibited strong tensile strength of approximately 12.3 MPa in
the aligned direction, compared to 3.5 MPa in the other direc-
tion.*® Previously, we reported that random fibrous PCL : PGS
(1 : 4) had lower mechanical properties than aligned one where
the tensile modulus and strength of aligned scaffolds were
approximately 10 and 4 MPa, respectively, while the random
scaffolds were approximately 7 and 1.5 MPa, respectively.
Furthermore, the mechanical properties of aligned scaffolds
revealed physically relevant anisotropy.”” The mechanical
properties of the scaffolds provided the necessary support for in
vivo suturing and cell and tissue function following implanta-
tion.”® Our results confirmed that A:Gr-AP scaffolds showed
significant toughness as well, suitable for nerve tissue
engineering.

To evaluate the ability of A:Gr-AP scaffolds for neural growth,
PC12 cells were seeded on the scaffolds. The effects of scaffold
architecture and mechanical properties on cell attachment,
orientation and proliferation were assessed. The PC12 cell
orientation was measured on tissue culture plastic (TCP) as well
as aligned and random fibrous scaffolds after 1, 4 and 7 days of
culture (Fig. 4). The orientation of cell nuclei was measured
using Image J software. Over the 7 day period, no preferred cell
nuclei orientation was observed on the R:Gr-AP scaffold and
TCP as PC12 cells grew in random directions. On the contrary,
after 4 days of culture on the aligned fibrous scaffold, PC12 cells
were preferentially oriented at 0-20 degree (35%). Calculations
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Fig. 4 Fluorescence images of the PC12 cell nuclei and the distribu-
tion of cell nuclei alignment angles on A:Gr-AP, R:Gr-AP scaffolds as
well as TCP (control) after 1, 4 and 7 days of culture (scale bar 25 pm).

confirmed that at day 7, while 56% of cells cultured on aligned
scaffold were oriented at 0-20 degree, only 23.1% and 22.7% of
PC12 cells were oriented on the random fibrous scaffold and
TCP, respectively (Fig. 5A). According to these results, the
aligned fibrous scaffolds promoted aligned organization of
PC12 cells, by controlling the orientation of neurons by
a mechanism previously termed contact guidance.'**®

PC12 cell attachment and proliferation were also analyzed by
DAPI staining of nuclei and cell counting after 1, 4 and 7 days of
culture (Fig. 5B). After one day of culture, the attachment of
PC12 cells on the aligned fibrous scaffolds was significantly
greater than in random fibrous scaffolds which might be due to
the difference in chemical properties of the constructs such as
hydrophilicity which the attachment of cells to the substrates is
mandatory for cell regeneration (ESI Fig. S31). The proliferation
of PC12 cells on the aligned fibrous scaffolds was also

% of Nuclei (0-20 Degree)

-]

| i
| y conduct
|t rorzeans

Cell number/mm?

R:Gr-AP A:Gr-AP TCP

Fig. 5 (A) Percentage of cells with orientation angles within 0-20
degrees. (B) Proliferation of the PC12 cells on the aligned and random
fibrous scaffolds as well as TCP (*P < 0.01). SEM images of PC12 cells
cultured on (C) random and (D) aligned fibrous Gr-AP scaffolds. (E)
Illustration of PC12 outgrowth and orientation on the aligned fibrous
scaffolds. Distribution of Gr nanosheets resulted in the formation of
a conductive path within the fibrous scaffolds.
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significantly higher compared to the random fibrous scaffolds
and TCP (P < 0.05). For instance, after 7 days, 6.3-fold and 2.4-
fold more PC12 cells were counted on the aligned scaffolds
(669.1 £ 92.9 cells) than the TCP (105.4 =+ 4.9 cells) and random
scaffolds (281.3 + 52.8 cells) (P < 0.05), respectively. Previous
studies also demonstrated that the number of Schwan cells
seeded on aligned PCL-gelatin fibers was greater than that of
random fibers.** The effect of scaffold topography on cells—
substrate interactions confirmed that aligned architecture,
similar to the native structure, could enhance cell attachment
and cell proliferation.

SEM images of PC12 cells cultured for 7 days on R:Gr-AP and
A:Gr-AP scaffolds were obtained (Fig. 5C and D). The random
fibrous scaffold (Fig. 5C) resulted in spreading of cells without
any specific orientation. In contrast, on the aligned fibrous
scaffolds (Fig. 5D), the cells oriented along the direction of the
fibers and clustered around the aligned fibers in a longitudinal
fashion. Similar results were reported when PC12 cells were
seeded on aligned and random fibrous PCL/gelatin scaffolds
indicating the remarkable potential of an aligned fibrous scaf-
fold to guide PC12 cell orientation parallel to the direction of
uniaxial fibers.***® Moreover, fiber size can have a significant
impact on cell adhesion and proliferation. This could be due to
the fact that the aligned fibrous membrane provides smaller
fibers that the cells are more easily able to grab and spread on
resulting in more growth of PC12 cells.®* In addition to fiber size
and orientation, the alignment of PC12 cells might be related to
the distribution of graphene nanosheets within the hybrid
scaffolds. Graphene nanosheets can create an electrical network
through the polymeric fibers inducing electrical conductance,
by percolation theory.®> The existence of graphene nanosheets
provides a conductive path and potential direction for axonal
growth. The positive effects of topographical and electrical cues
on neural development has further been shown in other
studies.®*** Subramanian et al.®> demonstrated that electrically
conducting nanofibers provide both electrical and structural
cues to neurons. Poly(lactide-co-glycolide) (PLGA) with
poly(3-hexylthiophene) (PHT) were electrospun in two different
architectures of random and aligned fibers. Results showed that
aligned PLGA-PHT nanofibers had a significant influence on
the adhesion and proliferation of Schwann cells which extended
along the fiber direction and conductive path on aligned
scaffolds.

Previous researches demonstrated that electrical stimulation
(ES) could alter the cell growth and proliferation by guiding
remodeling of the cellular microenvironment as well as
adjusting gene expression.®®®” Therefore, the proliferation of
PC12 cells was also assessed after applying electrical stimula-
tion on A:Gr-AP and R:Gr-AP scaffolds. Previous studies have
shown that electrical field plays a more substantial role than
electrical current in modulating the activity of cells cultured on
conductive scaffolds.®””° In this study, we applied an electrical
field as a physical adjunct, in order to enhance the speed and
accuracy of neuron outgrowth.””* Fig. 6A illustrates the proce-
dure for electrical stimulation (ES) and the extension of
neuronal outgrowth schematically. The metabolic activity and
proliferation of PC12 cells on A:Gr-AP, R:Gr-AP and TCP were
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Fig. 6 (A) Schematic representation of electrical stimulation. (B) MTT
and (C) resazurin assays of PC12 cells cultured on the aligned and
random fibrous Gr-AP scaffolds before and after electrical stimulation
(*P < 0.05).

assessed by MTT assay after 1, 4 and 7 days of culture, with and
without ES (Fig. 6B and C). The proliferation of PC12 cells on
A:Gr-AP scaffolds after electrical stimulation enhanced signifi-
cantly from day 1 (125.7 + 11.1 (% control)) to day 7 (489.8 +
20.7 (% control)). The PC12 proliferation on A:Gr-AP scaffold
after electrical stimulation (ES(A:Gr-AP)) was notably greater
than without ES (p < 0.05). Though ES also increased prolifer-
ation on random fiber scaffolds, after 7 days of culture, prolif-
eration on ES(A:Gr-AP) scaffolds was 1.5 times greater than that
of ES(R:Gr-AP). These results were in agreement with another
study, where direct electrical stimulation (constant voltage; 1.5
V) was shown to enhance neural cell proliferation.>® Extracel-
lular electric field could directly act on the neural cell by
changing membrane potential asymmetrically and therefore
preferentially activate growth-controlling transport processes
across the plasma membrane. It could also act along the plasma
membrane, causing an electrophoretic accumulation of the
surface molecules responsible for neurite growth control or cell-
substratum adhesion.”

The proliferation of PC12 cells on Gr-AP scaffolds was also
evaluated by resazurin assay (Fig. 6C). This assay confirmed that
the proliferation of cells increased on various scaffolds with
increasing culture time (P < 0.05). Moreover, PC12 cells on A:Gr-
AP scaffolds had higher proliferation rates than those on R:Gr-
AP. After 7 days of cell culture, the fluorescent resazurin
measurement for R:Gr-AP and A:Gr-AP scaffolds were 1.28 and
1.84, respectively. Furthemore, ES improved cell proliferation
even further.

4. Conclusion

In summary, two critical stimuli required to enhance peripheral
nerve regeneration in vivo, electrical conductance and aniso-
tropic architecture, were developed in graphene nanosheets
embedded aligned fibrous PVA-alginate (A:Gr-AP) scaffolds to
create highly functionalized nerve scaffolds that could control
alignment and proliferation of neurons. The alignment of fibers
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with the orientation index of 28.7° matched the anisotropic
structure of native nerve fibers (26.8°). The fiber alignment also
improved the mechanical properties of Gr-AP scaffolds.
Remarkably, the toughness of A:Gr-AP scaffolds was 1.75 times
greater than that of R:Gr-AP. The architecture and anisotropic
mechanical properties of aligned hybrid Gr-AP scaffolds
provided an appropriate microenvironment to support PC12
cell attachment and proliferation. The alignment of PC12 cells
was influenced by the architecture of the scaffolds and
enhanced with increasing culture time on the aligned fibrous
scaffold. Contrary to the R:Gr-AP scaffolds, the alignment of
fibers in the A:Gr-AP scaffold induced PC12 attachment and
growth in the longitudinal axis parallel to the direction of the
fibers. PC12 cell proliferation was also significantly influenced
by the scaffold architecture and electrical stimulation (ES). We
were able to show that ES considerably improved the prolifer-
ation of cells (1.5 times) cultured on A:Gr-AP scaffolds. In
conclusion, the aligned and conductive Gr-AP fibrous scaffolds,
with optimum mechanics and architecture, are potentially an
improved substrate for nerve tissue regeneration.
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