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ARTICLE INFO ABSTRACT

Nanofibrous structures have morphological similarities to extracellular matrix and have been considered as
candidate scaffolds in tissue engineering. Scaffolds made from electrospun fibers have potential in cell adhesion,
proliferation and cell function. In this study, different percentages of graphene have been dispersed in a poly-
caprolactone-cyclopentanone solution to produce electrospun fibers. The microstructure and morphology of the
fibers and the mechanical behavior of the electrospun systems were evaluated to analyze the influence of gra-
phene content on the performances of the fibers. A significant dimensional difference between the fibers dia-
meters of was obtained due to the graphene percentage. Accordingly, the mechanical properties of the fibrous
systems are found to be influenced by the presence of the graphene. Rat stem cells were cultured on the fibrous
scaffolds to evaluate the effect of the arrangement of the fibers on the morphology of the cells and differentiation
into neurons. In particular, a higher population of dopaminergic neurons has been identified on the fibers with a
higher percentage of graphene.
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1. Introduction

Tissue engineering is currently focused on finding the combination
of mechanical and biochemichal properties required for an engineered
scaffold at multiple hierarchical scales (Johnson et al., 2009; Pham
et al., 2006; Gastaldi et al., 2015). By designing biomaterials with
specifically tuned pore structures, shapes, sizes and mechanical prop-
erties, researchers can stimulate and guide tissue repair and function
restoration (Gunatillake and Adhikari, 2003; Ceretti et al., 2017a).
Nerve tissue engineering is focusing on neural cells implants, con-
sidering the limited recovery capacity from damage that distinguishes
the central nervous system. The biological substitutes aiming at re-
storing or improving nerve tissue function compromised by neurode-
generative disorders are increasing over the past few years
(Prabhakaran et al., 2009; Ginestra et al., 2017a, 2019). Biocompatible
scaffolds that mimic the biological environment of native Extra-Cellular
Matrix (ECM) play an important role in supporting and regulating the
differentiation of stem cells. Biocompatible scaffolds can be designed to
promote the repair of the tissue in different manners starting from
providing a physical support for the development and proliferation of
the cells and finishing to the direct guidance of the cells growth
(Ginestra et al., 2017b, 2017c). Artificial scaffolds consisting of nano-
fibers have large surface area and high porosity suitable to assure cells
attachment and adhesion, showing that electrospinning is a potential
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strategy to produce biomimetic scaffolds (Ginestra et al., 2016a;
Inverardi et al., 2018). The scaffolds produced by electrospinning are
characterized by a 3D fibrous architecture and interconnected porosity
that make them a suitable option for the neural tissue engineering
(Wang et al., 2012). Functional electrospun scaffolds with high surface
area to volume ratios can provide a suitable surface for the attachment
and proliferation of Neural Stem Cells (NSC) improving their effec-
tiveness in cell replacement therapies (Carlberg et al., 2009). A broad
spectrum of nanofibrous scaffolds can be obtained by the use of dif-
ferent biodegradable polymers. The physical and chemical properties of
the materials match the surrounding tissue providing the appropriate
support for the cells for specific applications (Park et al., 2011). The
versatility of the electrospinning technique allows the production of
customized scaffolds that can be modified by properly choosing the
material and changing the process parameters (Binan et al., 2014;
Ghasemi-Mobarakeh et al., 2009). In particular, the insertion of specific
nanoparticles in the electrospinning solution modifies the properties of
the polymer nanofibers and the resulting composites are able to pro-
mote and drive the differentiation and maturation of the cells. Gra-
phene nanosheets have been used for nerve tissue engineering con-
sidering their biocompatibility and their ability to modify cell growth.
A nanocomposite in which the graphene is embedded in a polymer
matrix has no toxic effect on the cellular population and potentially
induces stem cells to preferentially differentiate into a specific lineage
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(Weaver and Cui, 2015). The present paper is intended to illustrate
porous scaffold production by electrospinning of a solution containing
poly-(e-caprolactone) (PCL) and graphene powder in different percen-
tages. The influence of the graphene content on fibers morphology and
mechanical performances under tensile tests is analyzed and the effect
of the electrospun scaffolds composition on the differentiation of neural
stem cells has been investigated.

2. Materials and methods
2.1. Electrospinning tests

Poly(e-caprolactone) with an average molecular weight of 80,000 g/
mol was dissolved in Cyclopentanone. A solution of 22wt% con-
centration of PCL was stirred for 2h using a digital hotplate at 40 °C.
Graphene nanosheets were grinded to be used as graphene powder at
different concentrations. In particular, the dispersions were prepared
with graphene concentrations of 0, 1 and 2 wt%. All the listed materials
were purchased from Sigma Aldrich®. The effect of a good dispersion of
the nanoparticles into the polymer solution is reported in (Ceretti et al.,
2017b). Briefly, the graphene was dispersed in Cyclopentanone and
sonicated for 1h. After the sonication, a good dispersion of the gra-
phene was obtained by putting the suspension under stirring for 24hrs.
The polymer was added to the graphene solution and the PCL-graphene
solution was kept under stirring for another 24 h.

The electrospinning tests were performed using the following
parameters set: flow rate of 1 ml/h, needle tip - collector distance of
180 mm, voltage of 20 kV, temperature of 35 °C and relative humidity
of 40%. A G21 needle was used for all the tests. The tests were carried
out for 5min and repeated three times under the same conditions to
check the system variability (Fig. 1).

The PCL-graphene fibers were evaluated under Keyance VK-X op-
tical microscope and Zeiss LEO 1525 SEM. For each test, the diameter of
the fibers was measured using the image processing software ImageJ
(Rasband, 1997). High-resolution transmission electron microscopy
(HRTEM; FEI, Titan 80-300kV S/TEM) was used to visualize and
evaluate the microstructure of the PCL-graphene samples.

Graphene dispersion Polymer Solution
0% PCL
1% Cyclopentanone 22% Cyclopentanone
2%
Electrospinning
Polymer
Solution

” Collector

PCL- GP Electrospun Scaﬂoldl

Fig. 1. Schematic representation of the experimental tests configuration.
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2.2. Scaffolds mechanical properties

The mechanical properties of the scaffolds were analyzed as re-
ported in (Ginestra et al., 2016b). Briefly, the mechanical behavior of
the electrospun systems was evaluated under uniaxial tensile tests,
carried out at 23 °C by means of the dynamic mechanical analyzer DMA
Q800 (TA Instruments). Rectangular strips were selected from the
central portion of the electrospun area, with an overall length of 10 mm
and a width of 5 mm. The thickness of the samples increased when the
graphene percentage within the polymer solution was increased ran-
ging between 0.2 and 0.8 mm. The tests were carried out with three
repetitions for each specimen type. The samples were clamped carefully
to avoid the failure of the fibrous mat at the gripping points, and then
were subjected to a tensile ramp under displacement control at 0.2 mm/
min until failure. The values of force (F) and displacement (AL) re-
corded during the tests, were employed to evaluate stress (0) and strain
(¢) as engineering values, according to the following equations:

o= F/Aq
e = AL/Lg

where Ay and L, are the overall initial cross section and the initial
distance between clamps, respectively.

The stress vs. strain relationship was determined for all the mate-
rials up to final break and the elastic modulus was calculated as the
slope of the initial linear trend of the stress vs. strain curve.

2.3. Biological tests

Cell culture tests were performed using the scaffold characterized by
different graphene percentages. The effects of the different parameters
of the electrospun fibers were evaluated in terms of cell attachment and
differentiation. Mouse E12 (StemCell Technologies™) stem cells were
used for cell growth experiments. Cells were cultured using NeuroCult™
Proliferation medium supplemented with rh EGF (NeuroCult™). Cell
proliferation medium contained Dulbecco's modified Eagle medium
(Life Technologies™), 1x B27 (Life Technologies™), 1x N2 (Life
Technologies™), 1 mM sodium pyruvate (Life Technologies™), 2 mM L-
glutamine (Life Technologies™), 1mM N-acetylcysteine (Sigma
Aldrich®), and the following 3 growth factors: 20ng/ml epidermal
growth factor (EGF) (BD Biosciences), 10ng/ml fibroblast growth
factor (FGF) (BD Biosciences), and 2 mg/ml heparin (Sigma Aldrich®).
Differentiation medium was the same as the proliferation medium but
the growth factors were removed. Cells were maintained at 37 °C in a
saturated humidity atmosphere containing 95% air and 5% CO,. Before
cell seeding, all the scaffolds were washed twice with phosphate-buf-
fered saline (PBS), and sterilized under UV light for 30 min. The scaf-
folds were then coated with laminin and incubated overnight. Cultures
were resuspended as single cells, and seeded at a cellular density of
40,000 cells/cm?. Each scaffold was placed in a 24 well plate and the
cells suspension was seeded onto the scaffolds' surface. The scaffolds
were left in the incubator for 45 min before adding the proliferation
medium. 3D printed cylindrical disks were placed on the samples to
allow the fibrous mats to remain attached to the bottoms of the 24 well
plates. The average thickness of the PCL-scaffold ranged between
0.2 + 0.8 mm. The proliferation medium was changed every two days.
After two days of proliferation, the proliferation medium was changed
to differentiation medium for three days.

The scaffolds were fixed in 4% paraformaldehyde for 10 min. To
determine what cell type NSCs differentiated into following stimula-
tion, cells were stained with different antibodies and imaged using
Nikon Eclipse Ti Fluorescent microscope and pictures were captured
with NIS element AR3.10 software. Two types of antibodies were used
for staining: anti- BIII-tubulin (Tuj-1) to stain all neurons, and anti-
Tyrosine Hydroxylase to selectively stain dopaminergic neurons. For
staining, all cells were treated with 0.3% Triton X-100 in PBS for 5 min
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Fig. 2. Optical microscope images 500X of PCL electrospun fibers with (A) 1% and (B) 2% of Graphene.

prior to blocking for 1h in 5% bovine serum albumin (BSA) in PBS
followed by the overnight incubation at 4 °C with anti-f III Tubulin and
anti-Tyrosine Hydroxylase antibodies (Abcam) in the blocking buffer.
After washing with D-PBS, cells were stained with Alexa Fluor® 488
(Life Technologies™) and Alexa Fluor® 594 (Life Technologies™) for 2h
in the dark. Scaffolds were mounted onto glass slides using Vectashield
(Vector Labs) before imaging.

3. Results and discussion

The effects of the different percentage of graphene powder inserted
in the polycaprolactone solution have been evaluated to firstly identify
their influence on the electrospun fibers diameters and subsequently to
establish how the presence of graphene was affecting the properties of
the produced fibrous mats.

3.1. Scaffold morphology

The presence of the nanoparticles in the polymer fibers is clearly
shown in the optical microscope images (Fig. 2). In particular, the
graphene is distributed along the axis of the fibers and the particles are
less visible when the percentage of powder is increased to 2%.

HRTEM images are reported in Fig. 3. As shown, the micrographs
reveal that the structure of the PCL-graphene fibers is highly disordered
and randomly curled in presence of 1 and 2% of graphene. By com-
parison, the nanostructure of PCL-graphene at 2% of nanoparticles
content appears to be in transition from an amorphous to a more

graphitic material (Fig. 3d). Here, the carbon fringes are somewhat
visible but still fragmented and randomly oriented.

The diameter of the fibers is strongly affected by the presence and
the content of the graphene as confirmed by the SEM images (Fig. 4).

The measured diameters were analyzed to verify the possibility of
using the normal distribution to describe the statistical trend of the
resulting data. The probability plot test of Minitab® 18 software eval-
uates how well the data follow a normal distribution and calculates the
p-value accordingly. In particular, the test provides the percentage of
fitting of the data with the normal distribution which ranges from 0% to
100% (the higher the percentage, the better the fitting). The variability
of the data was evaluated in order to model the influence of the dif-
ferent graphene percentages on the diameter of the fibers. In particular,
as shown in Fig. 5, the fibers diameter increases when the graphene
content is increased as a result of the progressive less dispersion of the
nanoparticles in the solvent. In fact, Fig. 5a shows that the graphene
content influences both dimension and uniformity of the fibers. In
particular, fibers are thicker and with a higher variability as the gra-
phene percentage increases. The distribution of the fibers diameter
(Fig. 5b) can be represented by a normal distribution which becomes
less accurate as the graphene content increases (p-values from 0.210 for
2% of graphene to 0.020 for 0% of graphene).

The results of this analysis show that the dimension of the fibers
seems to be responsible of the fiber deposition and arrangement on the
collector resulting in a change of the fibers morphology.

10 nm

10 nm:

Fig. 3. HRTEM micrographs of the nanofibers with different graphene percentages: a,b) 1%, c,d) 2%.
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Fig. 4. SEM images 500X of the nanofibrous scaffolds produced with different graphene percentages: A) 0%, B) 1% and C) 2%.

3.2. Mechanical properties

The results of the mechanical tests are reported in Fig. 6, as the most
representative nominal stress vs. nominal strain curve for each material
group.

The mechanical response of the material seems to be strongly af-
fected by the presence of the graphene. The failure area of the samples
was observed corresponding to the central region of each strip along the
cross-sectional area. The electrospun fibers are showing a peculiar be-
havior consisting of non-regular trends at high levels of strain in which
several peaks are found as a consequence of a progressive and si-
multaneous restructuring and damaging of the electrospun. In parti-
cular, the graphene content seems to induce the progressive necking
followed by the failure of small fibrous regions with a subsequent loss of
the cross-sectional area subjected to the tensile load. According to the
observed behavior, a regular increase of the stress is observed till the
maximum values of stresses are reached between the 25-45% of strain,
probably due to the necking of the cross sections and local failure
events. In particular, the maximum stress (maximum point of stress)
calculated in absence of graphene is equal to 1.46 *= 0.1 MPa while
when the percentage of nanoparticles is 1% the maximum stress in-
creases to 3.48 = 0.2 MPa and in presence of 2% of graphene is equal
to 2.25 * 0.2 MPa. Accordingly, the yield stress (evaluated as off-set
yield strength corresponding to the 25% of strain) is significantly dif-
ferent depending on the percentage of nanoparticles: it is increased to
3.14 + 0.4 MPa when a 1% of graphene is used, while it is equal to
1.96 += 0.2 MPaat a graphene percentage of 2% and 1.32 = 0.1 MPa
in absence of nanoparticles. A progressive decrease of the stress is
visible from Fig. 6, due to additional failure events which lead to high
elongations at break for each material group. The presence of graphene
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is increasing the elastic modulus value to 21 = 3MPa and
22.5 + 5MPa respectively for 1% of graphene and 2% of graphene,
while in absence of graphene the elastic modulus value is equal to
5.6 = 2MPa. The elastic modulus of the composite material is prob-
ably influenced by the nanoparticles dispersion into the electrospinning
solution that is causing the increase of the diameter of the fibers.

It can be concluded that, as shown from the graphs in Fig. 6, the
mechanical properties can be modified by the insertion of different
percentages of graphene. The comparison of the results shows that the
insertion of the graphene leads to an increasing strength of the material
that appears more resistant when the graphene percentage is 1%. On
the other hand, the mechanical properties seem to decrease in terms of
elastic behavior and ultimate tensile strength with a higher graphene
content. In particular, the influence of the graphene on the polymer
fibers behavior starts to cause a deterioration of the mechanical re-
sponse at a percentage of 2%, showing a possible saturation of the so-
lution corresponding to a poor dispersion of the nanoparticles within
the solvent, leading to bigger deposited fibers in a reduced deposition
area. As reported (Kim et al., 2010a), the mechanisms of interaction
between the nanoparticles and the polymer that influences the me-
chanical response of such matrices has to be fully understood. Although
the changes on the material stiffness caused by graphene have already
been found to be more evident for elastomers (Kim et al., 2010b), in this
case the influence of the matrix reinforcement made by the electro-
spinning of the graphene-polymer solutions is probably due to the in-
duced spatial distribution of the anisotropic inclusions. Despite this
study concerns with the elastic deformations at relatively low levels of
loading due to the typical necking of the composite material (Young
et al., 2018), the possibility of tailoring the mechanical properties of the
electrospuns, is a promising step towards a full understanding of the
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Fig. 5. a) Histograms of the frequency of the diameter of the fibers at different graphene percentages. b) Probability plots of the diameter of the fibers the collected

data can be represented by a normal distribution.
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Fig. 6. Tensile nominal stress vs. nominal strain curves for the electrospun PCL with different contents of graphene.

The reported curves refer to the representative
sample for each material group.

A

Fig. 7. Fluorescent microscopy 20X images of differentiated neurons recognized on the scaffolds produced with different graphene percentages: A) 0%, B) 1% and C)
2%.

Fig. 8. Fluorescent microscopy 20X images of dopaminergic neurons recognized on the scaffold produced with different graphene percentages: A) 0%, B) 1% and C)
2%.

mechanical performance of reinforced polymer fibers on the base of the 3.3. Cell differentiation
dispersion process.

The differentiation of the cells was evaluated after 5 total days of
culture. The samples were observed with an inverted fluorescent
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Fig. 9. Fluorescent microscopy images at different magnifications (10X on the left and 20X on the right) of dopaminergic neurons recognized on the scaffold

produced with 2% of graphene.

microscope at 10x and 20 X magnifications and 5 images for each
sample were taken. The orientation of the protein Class III -tubulin
was evaluated to analyze the interaction of the cells with the electro-
spun fibers and separate neurons from the glial cells.

Fig. 7 shows the results of the differentiation of the cells on the
scaffolds with 0, 1 and 2% of graphene.

As reported in Fig. 7, the protein Class III B-tubulin orientation is
showing the differentiation of the cells on the scaffolds produced
without graphene (A) and with 1% (B) and 2% (C) of graphene. As a
matter of fact, it seems that the stem cells are differentiated in neurons
on all the analyzed scaffolds with no differences connected to the
presence of graphene. On the other hand, the cells seem to lie directly
on the fibers of the PCL-graphene scaffolds while in absence of the
nanoparticles the cells are colonizing the surface of the fibrous network.

The presence of dopaminergic neurons on the different substrates
was then verified. The presence of Tyrosine Hydroxylase was evaluated
to recognize the dopaminergic neurons resulting from the differentia-
tion. The stained cells are reported in Fig. 8, where the difference be-
tween the substrates is evident.

The differentiation of the stem cells in dopaminergic neurons seems
to be strongly affected by the presence of graphene. In particular, the
dopaminergic neurons are not uniformly present on the PCL surface and
Fig. 8A reports the only group of cells that was possible to identify in
absence of graphene. The presence of the graphene seems to enhance
the differentiation of the neural stem cells in dopaminergic neurons
(Fig. 8B and C). Moreover, the dopaminergic neurons are colonizing all
the fibers in a three-dimensional way within the PCL scaffolds with 2%
of graphene as Fig. 9 points out at different magnifications:

The results of the staining suggest that the electrospun PCL-gra-
phene nanofibers supported the differentiation of neural cells, creating
the possibility of cell-scaffold transplantation of a construct with dif-
ferentiated neuronal cells to the site of nerve injury. In this work, the
scaffolds were made by randomly oriented fibers, however, the neurons
showed a neutrite outgrowth typical of the cells seeded onto aligned
electrospun fibers (Lim et al., 2010). The diameter of the fibers is
promoting the differentiation of the neural stem cells in the neuronal
lineage as previously shown (Christopherson et al., 2009) and the dif-
ferentiation of the neurons showed an arrangement of the protrusions
of the cells accordingly with the fibers arrangement and diameter. In
this case, the higher diameter of the fibers in presence of graphene can
promote the cellular colonization of the inner structure of the scaffolds
instead of the surface as typical of the electrospun substrates used for
nerve tissue enigneering (Mahairaki et al., 2011). Moreover, the scaf-
folds with graphene promote the differentiation of the cells into do-
paminergic neurons while the polymer scaffolds are not providing a
suitable substrate for their development. Such nanoparticles have al-
ready been demonstrated to change the interaction of the cells with the
scaffold due to the increased conductivity and tailorable mechanical
properties (Sung et al., 2011; Li et al., 2013). In this case, the neurons

are differentiating in dopaminergic cells without the insertion of spe-
cific brain-derived grow factors or the usage of inducing activity
methods (Dehua et al., 2014; Nishat et al., 2018). Moreover, in this
work has been highlighted that the amount of cells that are expressing
the production of dopamine in the differentiated population is higher in
relation with a higher graphene percentage within the fibrous structure.

4. Conclusions

The porous structures produced by electrospinning with high ratio
between surface area and volume, are ideally useful in applications
such as scaffold implants. Here, a new optimization process to produce
functional electrospun scaffolds depending on different polymer-gra-
phene combinations, to embed neural cells in suitable matrices that
support cell adhesion and differentiation was proposed. Graphene
based nanomaterials have been highlighted as promising substrates for
neuronal differentiation of stem cells, neural regeneration and elec-
trodes for neural recordings (Bei et al., 2019). Graphene enriched
scaffolds demonstrated to increase neural differentiation by an en-
hanced growth and extension of neurons and the delivery of electrical
stimulation (Niu et al., 2018). The developed research shows that the
presence of the graphene affects the properties of the produced fibrous
mats. In particular, the graphene percentage is strongly affecting the
morphology and distribution of the fibers. Furthermore, the graphene
percentage is a core variable for controlling the mechanical perfor-
mances of the electrospun fibers. Although the effects of only graphene
percentage have been studied, many of the basic mechanisms control-
ling materials bonding and structure formation have not been com-
pletely understood. The resulting scaffolds support stem cells adhesion
and proliferation, thus being highly biocompatible. In particular, the
structure of the deposited fibers has been demonstrated to influence the
cellular recognition of the material and the cellular spreading within
the fibrous structure. The insertion of the graphene particles seems to
be strongly promoting the differentiation of the stem cells into dopa-
minergic neurons. On the other hand, the fluorescence images of the
same cells on the pure PCL fibers show that dopaminergic neurons are
difficult to identify and barely attached onto the scaffold surface.
Overall, the data in this study suggested that the PCL-graphene fibrous
substrates might be potentially suitable for clinical applications, such as
nerve tissue engineering, nerve endoprostheses and nerve injury treat-
ments. Moreover, the electrospun fibers developed in this study can be
used as a valid substrate for the in vitro manipulation and treatment of
the cells.
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