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Abstract
Recently graphene and graphene based composites are emerging as bettermaterials to fabricate scaf-
folds. Addition of graphene oxide (GO) nanoplatelets (GOnPs) in bioactive polymers was found to
enhance its conductivity (σ) and, dielectric permittivity (ε) alongwith biocompatibility. In this paper,
human cord blood derivedmesenchymal stem cells (CB-hMSCs) were differentiated to skeletalmus-
cle cells (hSkMCs) on spin coated thinGO sheets composed ofGOnPs and on electrospun fibrous
meshes of GO–PCL (poly-caprolactone) composite. Both substrates exhibited excellentmyoblast dif-
ferentiations and promoted self-alignedmyotubesformation similar to natural orientation. σ, ε,
microstructural and vibration spectroscopic studies were carried out for the characterizations of GO
sheet and the composite scaffolds. Significantly enhanced values of both σ and ε of theGO–PCL com-
posite were considered to provide favourable cues for the formation of superiormultinucleatedmyo-
tubes on the electrospunmeshes compared to those on thinGO sheets. The present results
demonstrated that both substratesmight be used as potential candidates for CB-hMSCs differentia-
tion and proliferation for human skeletalmuscle tissue regeneration.

1. Introduction

One of the current trends in tissue engineering (TE) is
to fabricate excellent biocompatible substrates, which
should offer appropriate guiding cues for the growth
and proliferation of specific tissue types [1]. Materials
for such scaffolds should have suitable mechanical
properties, chemical and biological compatibility and
degrade in an appropriate time window [2–4]. During
the last couple of decades many electrospun nanofi-
brous scaffolds [5–11] and carbon based nanomater-
ials (e.g. carbon nanotubes, nanodiamonds or
graphene) [12–16] have been widely investigated for
different clinical and TE applications. Recently, gra-
phene and its derivatives (figure 1(a)) have drawn
special attention as novel nanomaterials with great

potential in applications and utilizations such as
photonics and optoelectronics [17], sensors [18, 19],
biomedical as well as TE [13, 20–26], because of their
extraordinary physicochemical properties and favour-
able bioactivity [16]. These properties further
extended their intensive applications for the differen-
tiation of human neural stem cells [21], osteogenic
differentiation of human stem cells [24], drug delivery
[25, 26] and also in photothermal cancer therapy
[10, 23]. An injectable graphene/hydrogel-based gene
delivery system has been developed for vasculogenesis
and cardiac tissue repair [27]. The antibacterial
property [28, 29], anti-inflammatory effects [30] and
biocompatibility [16] of graphene and graphene oxide
nanoplatelets (GOnPs) were also tested with mamma-
lian cells [8, 13, 21, 31] by different research groups.
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Induced pluripotent stem cells (iPSCs) cultured on
graphene oxide (GO) surface were found to adhere
and proliferate even at a faster rate than graphene [32].
Graphene showed controlled and accelerated osteo-
genic differentiation of human mesenchymal stem-
cells [13, 33]. All these favorable results revealed
superior biocompatibility of graphene based materials
for tissue culture and other biomedical applications
compared to many bioactive polymer scaffolds
[7, 9, 34]. Moreover, in contrast to carbon nanotubes
and nanodiamond, GOnPs can be more easily pre-
pared in pure form [35]. Importantly, the biocompat-
ibility of graphene and graphene derivatives appear to
be unexpectedly related to their different physical
properties namely electrical conductivity (σ), surface
charge(Q), dielectric permittivity or dielectric con-
stant (ε) and piezoelectricity (piezoelectric (PE) coeffi-
cient d33, related to Q and ε) similar to many other
scaffolds [36–45]. The derivatives of conducting
graphene, especially GO or reduced graphene oxides
(rGOs) possess lower σ and higher ε values depending
onC/O ratios.

Many conducting polymer scaffolds were reported
to be favourable for cell growth and differentiation
[7, 8, 46–49]. In fact, insulating scaffolds limit electrical
signal propagation throughout the engineered cardiac
tissues [37, 38]. To date, conducting polymers like poly-
pyrrole and polyaniline are widely investigated for bio-
medical applications as scaffolds or cell culture
substrates [7, 9, 48, 49]. Myoblast differentiation is also
stimulated by electrically conductive sub-micron fibers
[39]. In case of TE, the cells growth was improved in
presence of electroresponsive materials [37, 50]. Insu-
lating polycaprolactone (PCL) blended with conduct-
ing nanofibers formed excellent conducting
biocompatible composites which enhanced cells pro-
liferation [51]. However, the filler used must be bio-
compatible and should have low percolation threshold
for conductivity/dielectric permittivity. Higher filler
content, on the other side could also decrease the
mechanical properties of the scaffold. GO is biocompa-
tible and GO–polymer composite (figure 1(b)) also
showed low percolating threshold for conductivity and
dielectric permittivity [52, 53] with low GO content.
Therefore, GO is a promising filler for the fabrication of
biocompatible nanocomposite scaffolds, which is
known to enhance differentiation of human neural
stem cells [21] and can be cleared by renal excretion,
phagocytosis and other means [54, 55]. Enzymatic
degradation of graphene/PCL for TE was studied by
Murry and co-workers [56] exploring the effects of gra-
phene addition on the degradation rates of the corre-
spondent nanocomposite scaffolds. In addition to
electrical and topographical cues, PE (related to ε)
responses of scaffold materials might also control the
addition and differentiation of specific cell types [57–
60]. For instance, dielectric and PE properties of hydro-
xyapatite are important for bone growth [59, 60]. Elec-
trically conducting scaffolds were also reported to be

favourable to stimulatemuscle [39], bone [60] and car-
diac tissues [48]. Low conducting high dielectric [52]
GO possesses surface charge [44, 61, 62] and also PE
properties [64] which are also stimulants for cells
growth. Surface charge and dielectric constant are asso-
ciated with the PE property (PE coefficient d33 is related
to dielectric constant [65]) of oxides and polymers scaf-
fold materials [57, 59, 64]. PE and dielectric properties
are the unique universal properties of living tissues, and
may play a significant role in several physiological phe-
nomena [43, 58, 64–68]. Therefore, σ, ε, Q and PE
properties, which vary with the oxidation of graphene,
might appear to be relevant for the biocompatibility of
graphene based materials for different biomedical and
tissue regeneration applications.

A few detailed studies on the relationship between
human stem cell and graphene have drawn a tre-
mendous impetus in the field of different TE applica-
tions [21, 27, 33]. These investigations were carried out
mainly with bone marrow derived mesenchymal stem
cells, iPSCs and neural cells. Although mouse myoblast
proliferation on rGOdepositedmodified glass substrate
was reported [22], no study focussed on the prolifera-
tion and differentiation of human mesenchymal stem
cells to skeletal muscle cells on GO sheet or GO–poly-
mer fibrous scaffold. These studies are important for
exploring the possibility of fabricating different GO–
polymer based biocompatible conducting electrospun
scaffolds for the repair and regeneration of skeletal
muscle andother tissues using human stemcells.

In the present studies we have utilized umbilical
cord blood (UCB) derived multipotent mesenchymal
stem cells (CB-hMSCs) for direct differentiation to ske-
letal muscle cells (hSkMCs)on spin coated dielectric
and semiconducting thin GO sheets as well as on elec-
trospun GO–PCL fibrous meshes with enhanced σ and
ε (compared to PCL alone).We showed the differentia-
tion of CB-hMSCs to hSkMCs and the formation of
myotubes on these scaffolds. To the best of our knowl-
edge, myoblast differentiation of CB-hMSCs on GO
sheet and GO–polymer fibrous meshes had not been
carried out earlier. Recently, proliferation of cryopre-
served CB-hMSCs on silk nanofibers has been reported
[69] and the possible size-dependent toxicity of GOnPs
on CB-hMSCs [70] has been studied showing noad-
verse effects. We have also measured σ and ε values of
GO sheet and GO–polymer composite meshes. Con-
ductivity and surface charge of GO sheet provided
important cues for their excellent biocompatibility and
cell scaffold construct. Our results demonstrated these
scaffolds as potential substrates for future myoblast
regeneration andbiomedical application.

2. Experimental

2.1. Materials andmethods
PCL of mol. wt. ∼90 000, chloroform, acetic acid and
N, N-dimethyleformamide (DMF) were purchased
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from Merck, Germany. Skeletal muscle growth media
and skeletal muscle differentiation media (Promocell,
Germany); insulin like growth factor 1 (IGF-1)
(Invitrogen, USA), fetal bovine serum (FBS), horse
serum, antibiotic–antimycotic solution, phosphate
buffer saline (PBS) solution (GIBCO, USA); parafor-
maldehyde, dimethyl sulfoxide (DMSO) (Sigma
Aldrich, USA); all primary and secondary antibodies
(Abcam, United Kingdom);WST-8 [2-(2-methoxy-4-
nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophe-
nyl)-2H-tetrazolium, monosodium salt], collagen
type-1 (rat tail) and fluorescein isothiocyanate
(FITC)-phalloidin (Sigma Aldrich, USA) were pur-
chased and used as received.

2.2. Preparation ofGO sheet andGO–PCLmeshes
GOnPs were synthesized from graphite powder simi-
larly to our previous work [19, 52] following the
modified Hummers method [71]. In brief, graphite
(2 g), sodium nitrate (1 g) and H2SO4 were added to a
250 ml flask kept at 0 °C. Concentrated H2SO4

(50 mL) was then poured slowly while stirring keeping
temperature below 5 °C. The mixture was then stirred
for 30 min and 0.3 g of KMnO4 powder was added
while the system was maintained at 35 °C for 30 min.
The mixture was further diluted with warm water and
treated with H2O2 to remove residual KMnO4 until
bubbling disappeared. The resulting solution was
centrifuged at 6500 rpm for 45 min for three times and
1 N NaOH was added to adjust the pH value of the
solution to 7.4 approximately. The solid mass thus
synthesized was washed with de-ionized water to
obtain pure GOnPs used to make thin GO sheet by
spin coating and GO–PCL meshes by electrospinning
techniques. Spin coated thin GO sheets (20–60 μm
thickness depending on GO concentration in DMF)
on cleaned glass plates and Teflon sheets were
prepared fromDMF solutions of GOnPs by sonicating
the mixture for 2 h to uniformly disperse GO nano-
particles. The dried thin GO sheets were peeled off the
glass/Teflon substrateswhichwere used for cell culture
after vacuum drying at around 37 °C for about 3 h.
Electrospun fibrous meshes were prepared from the
GO–PCL–DMF solution. To make composite solu-
tion, PCL (1 g in 25 ml DMF solution) and GO
(20 μg ml−1 PCL/DMF solution) were mixed and
sonicated for 45–50 min. The final colloidal solution
loaded into a 10 mL plastic syringe with a stainless-
steel needle (diameter ∼0.65 mm) was used for mak-
ing electrospun scaffolds using electrospinning (PICO
ESPIN, India). The needle for electrospinning was
connected to a high voltage supply (∼20 kV) and the
flow rate of the solution was adjusted to 1.5 ml h−1.
The fibres were collected on a rotary drum wrapped
with aluminium foil placed at a distance of 12 cm from
the needle tip. Electrospun PCL and collagen
(0.10 g ml−1 acetic acid) meshes were also prepared
using similar technique. Collagen (0.10 g ml−1 acetic

acid solution) meshes for control were prepared using
similar technique as mentioned above with collecting
foil at adistance of ∼10 cm and flow rate 1.2 ml h−1).
Collagen type-1 coating on glass was applied for better
cellular attachment and growth. For this, collagen
solution (1 mgml−1 of 0.1 M acetic acid solution) was
spread over sterile glass cover slips and incubated for
1 h at room temperature (RT). The remaining solution
was removed and the glass cover slips were rinsed 3
times with PBS solution. Plates were then air dried and
UV (wavelength ∼254 nm and power 15W) steriliza-
tion was performed for 4 h before culturing cells
on them.

2.3. Physicochemical characterization ofGO sheet
andGO–PCLmeshes
Thin GO sheet and GO–PCL composite meshes were
characterized by x-ray diffraction (XRD) (Philips
Shiffert 3710 diffractometer using Cu–Kα radiation
source) analysis, scanning electron microscopy (SEM:
JEOL JSM 6400), field emission scanning electron
microscope (FESEM:Model JEM-2012, JEOL) and
high resolution transmission electron microspore
(HRTEM: Model JEM-2010, JEOL) studies. Raman
spectroscopy (HORIBA JOBIN Yuon: exciting wave-
length 514 nm with argon ion laser), ultraviolet and
visible (UV) (300–800 nm) and Fourier transform
infrared (FTIR: Perkin–Elmer spectrum 100 FTIR
spectrometer with a 4 cm−1 resolution) spectroscopic
studies were also carried out for characterizing GO
and GO–PCL composite. Water contact angle (CA)
measurements against distilled water were performed
using a sessile drop method (DAS100S: KRUSS
GMbH, Germany). The advancing (wetting CAw) and
receding (dewetting CAdw) CAs were measured at RT
at different locations for the GO sheets. Mechanical
characterization of the GO sheet was performed by
uniaxial tensile testing. GO sheets were carefully cut
into rectangular stripes (15 × 30 mm) and loaded with
an Instron 3369 tensile strength measuring system. A
segment of electrospun meshes (10 × 25 mm) was
fixed at the cut ends for the axial testing (n= 5).
Frequency dependent conductivity and dielectric con-
stant (ε) of the GO sheet and electrospunmeshes were
measured using impedance analyser (HP Model
4194A) similarly to our previous work [52, 72]. For
electrical measurements electrodes on the surfaces of
the samples were made by high quality silver paint
which was dried in vacuum. To estimate in vitro
stability and biodegradation of the GO sheets, we also
studied σ and ε values of GO sheet and composite
meshes after immersion in PBS solution for 7 days at
ambient temperature. After immersion, both the
samples were removed from the soaked solution
washed with deionised water, and dried in a vacuum
chamber to remove moisture, before electrical
measurements.
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3. Cell culture

The mesenchymal stem cells, CB-hMSCs, used for
differentiation to skeletal muscle cells on the GO sheet
and GO–PCL mesh were isolated from human UCB
similarly to previous method [69, 73]. UCB was
collected from ISPATGeneral Hospital, Rourkela with
patient’s consent. All procedures were approved by the
National Institutional Ethical Committee.

3.1. Cell seeding,myoblast differentiation and
myotubes formation
UCB derived CB-hMSCs (5 × 103 cells/well) were
directly seeded on the thin film like GO sheet (∼30 μm
thick) and GO–PCL mesh (areas ∼45 mm2) as well as
on electrospun collagen fibrous meshes and collagen
coated glass as controls(hereafter referred to as con-
trols) in a 12 well plate and cultured with skeletal
muscle differentiationmedia (90 v/v%) supplemented
with FBS (10 v/v%) and 100x antibiotic–antimycotic
solution (1 v/v% approximately), and incubated at
37 °C and 5% CO2 atmospheric condition. In addi-
tion, insulin like IGF-1 was added (5 ng ml−1) to
enhance the myogenic differentiation process. After
12–15 days of culture, cells morphology was found to
change towards bipolar skeletal myoblasts (hSkMCs).
Low serum (2% horse serum) media was introduced
to enhance myoblast fusion and formation of self-
alignedmyotubes.

3.2. Immunostaining analysis
For immunostaining analysis, hSkMCs grown after 5
days of culture on different substrates (i.e. collagen
and glass controls, GO sheets and GO–PCL meshes)
were analysed for the expression of myogenin, an early
myogenic differentiation marker. Briefly, to detect
myogenin, cells werefixed and incubated with primary
antibody (1:100) at 4 °C overnight and after washed
with PBS, again incubated with secondary antibody
DyLight 488-conjugated goat anti-mouse IgG (1:100)
at RT for 1 h. before viewing. On 11 days of culture,
cells were analysed for further expression of muscle
specific antigens such as myosin heavy chain (MHC)
and dystrophin. Cells were fixed with 4% paraformal-
dehyde, permeabilized with 0.1% Triton X-100, and
then incubated in goat polyclonal anti-MHC (1:100)
and rabbit polyclonal anti-dystrophin (1:100) as
primary antibodies for 1 h. Next, after washing with
PBS, a FITC conjugate rabbit anti-goat secondary
antibody (1:500) was used to detectMHC, while Texas
Red conjugated goat anti-rabbit secondary antibody
(1:150) was also employed to detect dystrophin. The
samples stained without primary antibody served as
negative controls. Nuclei were counterstained with
4′,6-diamidino-2-phenylindole (DAPI). Substrates
with cells were then mounted for fluorescence micro-
scopic studies using a Zeiss Axivert 40 CFL fluores-
cencemicroscope.

3.3. Fluorescence-activated cell sorter (FACS)
analysis
The skeletal muscle cells adhered onto the GO sheet,
GO–PCL meshes and controls were trypsinized and
FACS analysis was performed to verify the expression
of skeletal muscle differentiation markers like CD56
and desmin. For all antibodies, 5 × 105 cells were
incubated in 100 ml of PBS containing 1%FBS and the
dilution of primary antibodies ranged from 1:15 to
1:100. The cells after being incubated with primary
antibody on ice for 30 min, were washed with 1% FBS
in PBS, re-suspended in 100 ml of FITC-labelled
secondary antibody, diluted 1:100 in 1% FBS in PBS
and incubated again for 30 min on ice. Finally, the cells
were washed with PBS containing 1% FBS prior to re-
suspension in PBS with 1% FBS for FACS analysis.
Isotype-matching immunoglobulin (IgG) and FITC-
labelled secondary antibody were used to determine
nonspecific signals. FACS analyses were performed
with a BD LSR Fortessa (San Jose, CA, USA) equipped
with an air cooled argon laser. FACS data were
analysed by FCSExpress software.

3.4. Cells adhesion fromSEMandFESEManalysis
Cells adhesion on the different substrates was studied
by SEM/FESEM analysis. After 11 days of culture, the
cells seeded on all the substrates were carefully washed
twice with PBS, fixed with 2.5% glutaraldehyde for 4 h
and then dehydrated through a gradient series of
ethanol from 70 to 100%. All the said substrates were
then carefully dried using a vacuumdesiccator tomake
themmoisture free prior to SEMor FESEManalysis.

3.5. Cellmorphology
Themorphology of skeletal muscle cells were analysed
using cytoskeleton staining after 3 days of culture.
Cells were fixed with 4% paraformaldehyde, permea-
bilized with 0.1% Triton X-100 and stained with
FITC-phalloidin. Nuclei were counterstained with
DAPI. The actin filaments and nuclei were observed
using a Zeiss Axivert 40CFLfluorescencemicroscope.

3.6. Cell viability and proliferation
The vastly used methylthiazolyldiphenyl-tetrazolium
bromide (MTT) assay which is a typical nontoxicity
assay may not correctly predict the toxicity of GO
because of the mild reaction of MTT salt with GO
resulting in an incorrect positive signal. Therefore, we
used, alternatively, a water soluble tetrazolium salt
(WST-8) assay [29]. Cell viability and proliferation on
GO/PCL composite meshes, thin GO sheet and
controls were measured by water-soluble tetrazolium
salt (WST-8) assay after 3, 7 and 11 days of cell seeding
in 96 well culture plate. Ten μl of cell proliferation
reagent (WST-8) was added into each well containing
sample with 100 μl of culture medium and incubated
for 4 h at 37 °C. Absorbance (OD) of the solution was
then measured at 450 nm by a microplate reader
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(Varioskan Flash, Thermo Scientific). The cells seeded
on collagen scaffolds were evaluated as control. WST-
8 was reduced by dehydrogenase activities of living
cells that give rise yellow-colour formazan dye. The
amount of formazan dye generated (by the activities of
dehydrogenases) was directly proportional to the
number of living cells.

3.7. Statistical analysis
All data were presented as mean ± standard deviation.
Single factor analysis of variance (ANOVA) was
carried out to compare the mean of different data sets
and a value of p⩽ 0.05was considered significant.

4. Results and discussion

4.1. Physicochemical properties
Figure 2(a) showed the GO–DMF–PCL colloidal
solution used for making GO–PCL meshes, a solution
cast flexible GO sheet and a spin coated thin GO sheet
on a glass plate. XRD patterns of GO sheet, GO–PCL
and PCL meshes are presented in figures 2(b) and (c).
XRD of GO sheet showed the characteristic GO peak
appearing at 2θ= 11.1°, corresponding to a lattice d-
spacing of 0.78 nm. For the GO–PCLmeshes, an XRD
peak appeared at 21.65° representing the crystalline
phase of the polymer [74]. The XRD pattern of GO–
PCL indicated only PCL diffraction peak with no peak
for GO around 2θ= 11.1°. Similar absence of GO peak
was also reported earlier in case of GO–polyvinyl
alcohol (PVA) composite [52]. These results demon-
strated the disappearance of the regular and periodic
structure of GO, the formation of fully exfoliated
structures, and the homogeneous distribution of
GOnPs in thepolymer matrix [75]. As revealed from
these data, well-dispersed GOnPs acted as nucleating
agents and thus the crystallinity of the composites was
also improved. The SEM image of a GO sheet surface

shown in figure S1(a) (in supplementary information)
indicated uniformly rough surface morphology. Inset
of figure S1(a) also presented FESEM
micrograph showing the surface morphology of thin
GO sheet which indicated wrinkles stacked inmultiple
GOnPs layers. It was reported [74] that such surface
morphology might favour cell adhesion and growth.
Figure S1(b), in supplementary information, repre-
sented the SEMmicrograph of the electrospun fibrous
meshes and the selected area electron diffraction
pattern (inset of S1(b)) indicating the presence of
sharp diffraction spot of nanocrystalline GO in GO–
PCL mesh (average fibre diameter of 390 ± 125 nm).
Raman spectra of GO sheet as shown in figure 3(a),
indicated the characteristic feature of GO peaks at
frequencies around 1345 and 1597 cm−1, respectively,
for the G and D band usually assigned to the E2g
phonon of Csp2 atoms and a phonon breathing mode
of symmetry A1g. The presence of GO peaks was also
observed from the GO–PCL Raman spectra (inset of
figure 3(a)). Characteristic frequencies corresponding
to the well-studied G and D bands agreed with the
literature values [76, 77], also indicating little lattice
distortion of theGOnanostructure. The intensity ratio
ID/IG of the two peaks was widely used as characteriz-
ing the defect quantity within the GO materials
[78, 79]. By controlling the amount of defect quantity,
the electronic and mechanical properties of the GO
sheets might also be tuned [80]. In single or multilayer
graphene, Raman spectra showed 2D characteristic
peak around 2700 cm−1 [81–83]. The observed D and
G bands were comparable with those of previously
reported values for GO [84–88]. The D band was
reported to be associated with the structural imperfec-
tions created by attachment of hydroxyl and epoxide
groups on the carbon basal plane [88]. The G band
corresponds to the ordered sp2 bonded carbon. GO
conduction was also reported to occur through sp2

Figure 1. Schematic presentation of the honeycomb structure of (a) graphene oxide (GO) and (b)GO–polymer (PCL) composite
suitable for biological interaction.
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regions via Klein tunnelling [89]. In figure 3(a), the 2D
band corresponding to 2700 cm−1 was hardly
observed, which indicated absence or negligible pre-
senceof pure conducting graphene in the GO sheet of
our present investigation. FTIR spectra (figure 3(b)) of
GO–PCL showed absorption bands at 1727 cm−1

indicating carbonyl stretching. The bands appearing at
1295 cm−1 and 1240 cm1 represented the C–O and C–
C stretching bonds. The bands at 1239 and 1175 cm−1

were comparablewith the asymmetric C–O–C stretch-
ing bonds indicating characteristic absorption [90] of
PCL. The FTIR spectrumofGO (figure 3(c)) indicated
an intense band at 3438 cm−1 which was attributed to
stretching of the O–H band of CO–H. The band at
1639 cm−1 was associated with stretching of the C=O
bond of carbonyl groups. Deformation of the C–O
band was observed at the band present at 1017 cm−1.
From FTIR spectroscopy, evidences of different types
of oxygen functionalities on GO were exhibited. The
UV spectrum of GO exhibited maximum at 371 nm,
characteristic feature of the π–π transition of aromatic
C–C bonds. The corresponding peak in GO–PCL in
chloroform solution was observed around 450 nm
(figure 3(c), inset). The π–π stacking forces created by
the sp2 bonding and hydrophobic interaction between
molecules allow graphene to be conducting [21, 91]
which provides important cues for biocompatibility of
GOandGO–PCL composites.

Wetting (CAw) and dewetting (CAdw) CAs of thin
GO sheet and GO–PCLmesh films are shown in figure
S2(a) (supplementary information). In case of thin
GO sheets, CAw was found to be around ∼58.7° with
hysteresis (CAw–CAdw) of ∼4° which might be a mea-
sure of the solid-liquid interaction [92]. For the GO–
PCL meshes, the CA was ∼75°. Due to the presence of
GO with abundant hydroxyl group, CA of GO–PCL
significantly (p< 0.05) decreased compared to PCL,
(CA∼ 119°). It is suggested that GO–PCL composite
fibrousmeshes could enhance cell adhesion as they are
more hydrophilic and have higher surface energy due
to the presence of GO. The stress–strain curves of GO
sheets and GO–PCL meshes were shown in figure S2
(b) (supplementary information). The tensile strength
of PCL (∼1.8 MPa) was found to increase significantly

with addition of GO (∼4.0 MPa), as shown in PCL
(figure S2(b)). The tensile strength is also known to
increase with increasing GO concentration [22].
Favourable CA and mechanical properties supported
GOandGO–PCLmeshes for TE applications.

4.2.Myoblast differentiation, proliferation and
myotubes formation
Figure S3 (in supplementary information) schemati-
cally shows the complete cell culture process starting
from CB-hMSCs isolation to myoblast differentiation
of CB-hMSCs and alignedmyotubes formation on the
substrate. Figure 4 shows cells viability and myoblasts
proliferation on GO sheets, GO–PCL mesh and
controls. Cells viability (from WST-8 assay analysis)
was found to increase significantly for GO sheets and
GO–PCL meshes compared to the control surfaces (*:
p< 0.05). This result implied that GO sheets and GO–
PCL meshes were cytocompatible and supported cell
proliferation. FACS analysis of cells adhered on thin
GO sheets and GO–PCL meshes was performed to
confirm the positive expression of myogenic markers
CD56 and desmin indicating skeletal muscle cell
phenotype (figure 5). Myogenic markers were better
expressed on GO–PCL meshes than that on the GO
sheets indicating GO–PCL composite mesh as a better
candidate for skeletal muscle tissue regeneration. As
shown in fissure S4 (supplementary information),
myogenic markers expressed better on collagen mesh
compared to that on glass control.

Figures 6(a)–(d) depict themorphological analysis
of adhered skeletal myoblasts differentiated from CB-
hMSCs on GO–PCL mesh, GO-sheets and controls,
respectively. After 3 days of culture, the aspect ratios
measured on GO–PCL meshes, GO sheets and the
controls were found to be ∼6.6, ∼5.4 and (∼4.7 for
collagen and ∼4.3 for collagen coated glass), respec-
tively, (figure 6(e)). Compared to GO sheets and con-
trols, a more elongated bipolar morphology of skeletal
myoblasts was observed on GO–PCL substrates. After
11 days of culture, FESEM analysis confirmed
(figures 7(a)–(d)) myoblast fusion and aligned myo-
tubes formations on the fore substrates. Myotubes
formed on GO sheets and GO–PCL meshes were

Figure 3. (a) Raman spectra ofGO sheets andGO–PCLmeshes (inset). (b) FTIR spectra of PCL andGO–PCLmeshes. (c) FTIR
spectra ofGO sheets andUV spectra ofGO–PCL in solution (inset).
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found to be more aligned compared to those on the
control substrates. The density of aligned myotubes
was also the highest on the GO–PCL meshes. The cell
proliferation, differentiation and orientation onto GO
sheets and GO–PCL meshes, confirmed their bio-
compatibility. A better biocompatibility of GO–PCL
meshes might be associated with interconnectivity of
fibrous meshes and enhanced σ and ε induced by GO,

which might play an important role guiding cell adhe-
sion, resulting in a higher proliferation and myotubes
orientation.

Immunostaining also confirmed differentiation of
CB-hMSCs to myoblasts via early expression of myo-
genin-positive nuclei on controls, GO sheet and GO–
PCL mesh (figures 7(e)–(h)). Quantitative analysis of
the percentage of myogenin-positive nuclei showed
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(figure S5 in supplementary information) that myo-
genin expression increased more on thin GO sheets
and GO–PCL meshes compared to that on control
substrates (collagen and glass), which also indicated a
better differentiation potential of the GO-based sub-
strates. Moreover, muscle specific antigens like MHC
shown in figures 7(i)–(l) and dystrophin
(figures 7(m)–(p)) were expressed more intensely on
GO–PCL meshes compared to those on thin GO
sheets or control substrates. Importantly, GO–PCL
meshes also showed the highest percentage of myo-
genin positive nuclei (∼19%) (figure S5 in supplemen-
tary information).

4.3. Conductivity (σ), dielectric constant (ε) and
in vitro stability of thinGO sheet andGO–PCL
meshes
Admirable biocompatibility (cells adhesion, differen-
tiation, proliferation and aligned myotubes forma-
tion) of GO sheets andGO–PCLmeshes were found to
be associated with their σ and ε values. Figures S6 and
S7 (supplementary information) showed low RT σ
values (∼10−7 S m−1) and high values of ε (∼900) for
GO sheets which might be due to its high charge trap
density (∼1.2 × 1018 cm−3 eV−1) [44, 62, 63]. GO
conductivity appears through the sp2 regions via Klein
tunnelling mechanism [89]. Figures S6 and S7 also
showed an increase of both ε (∼300 for GO–PCL and
only 25 for PCL) and σ (more than two orders of
magnitude higher in GO–PCL compared to that of
PCL) for GO–PCL meshes, which was due to the
presence of GO in PCL. Similar enhancement of σ and
ε was also observed in GO–PVA and other GO–
polymer composites [9, 52, 93]. It was reported that
conductivity increment in GO–PMMA (poly-metha-
crylate), was due to deformed graphene nanosheets
[93]. Enhancement of σ and ε in GO–PCL might be
due to the formation of conducting pathways between

themore conducting deformedGOnPs sheets (enhan-
cing σ) and the creation of micro-capacitors with
insulating PCL acting as dielectric films [53, 72, 94]. In
GO sheets, a mixture of both positive and negative
charges is present, which lead to a decrease of σ, but to
an increases in polarizability (PE) and hence dielectric
constant [44, 52]. It is further noticed that both σ and ε
values of GO sheets and GO–PCL meshes slightly
decreased with increasing of immersion time in PBS
indicating in vitro stability. Moreover, no significant
morphological change of the GO sheets was observed
as indicated by FESEM (figure S6). The addition of GO
also reduced the degradation rate of GO–PCL (com-
pared to PCL only), as revealed from the lower
decreasing rates of σ and ε compared to those of PCL.
Therefore, this study highlighted that both GO sheets
and GO–PCL meshes could retain their σ and ε and
hence stability over one week. The controllable enzy-
matic degradation of graphene/PCL materials was
studied by Murry and collaborators [56] and these
substrates were proved to be promising biodegradable
electro-responsive scaffolds for skeletal muscle TE
applications. Even the degradation products of the
composite materials were reported [56] to exhibit less
inhibition to cell metabolism and proliferation than
the degradation products of pure PCL. Controllable
non-toxic degradation and unique physical properties
confirmed that covalently-linked PCL–graphene
based composites are ideal materials for the develop-
ment of electro-responsive scaffold formuscle TE.

It is evident from the above discussion that GO
sheetsas well as its GO–polymer composites might be
considered as a new class of biomaterials for implants,
since PE and high dielectric polymers have been tested
as implant that stimulate bone tissue growth [95].
Dielectric, PE and conductivity of different polymer
and composite materials [6, 7, 96, 97] showed
increased myoblast differentiation [6], enhancement

Figure 6.Analysis of cytoskeleton development of hSkMCs grown on (a) ECMcoated glass, (b) collagenmesh, (c)GO sheets, (d)GO–
PCLmeshes. (e) Cell aspect ratio quantification from (a)–(d) after 3 days of culture.
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of cardiac [27, 37] and neural [21] cells growth, as
observed by different research groups. However, a bio-
logical mechanism upon which these physical proper-
ties of GO are related to biocompatibility is not very
clear. It is known that during their proliferation,
secrete various substances which are adsorbed ontothe
graphene surface and effect cell proliferation [21, 92].
Conductivity of graphene and its derivatives depends
on the sp2 hybridization process (contributions from
sigma and π bonds) [91]. The unique electrical and
other properties of graphene are associated with the π
bonds. The π electron-cloud in graphene interacts
with the hydrophobic cores of proteins. Due to the
presence of oxygenated groups, the hydrophilic GO
can bind to serumproteins via electrostatic interaction
which depends on conducting properties of GO.
Moreover, the enzymatic degradation of graphene/
PCL materials might also provide important cues for
biodegradable scaffolds for such electro-responsive
tissue types [56]. The attractive π–π staking forces are
created by the consecutive sp2 bonding of graphene

molecules and benzene rings possessed by some
amino acids like, lysozyme, bone morphogenetic pro-
tein, trypsin, peptides or heparin were found to bind
well on the GO and graphite surfaces [98–103]. The
availability of π electron cloud carried on graphene is
proposed to interact with the hydrophobic protein,
forming non covalent bond between them [97]. Thus
the π electrons which are associated directly or indir-
ectly to the surface charge and other electrical proper-
ties of the GO based substrates might be primarily
responsible for their cells-scaffold constructs which
favormuscle or other tissues regeneration.

5. Conclusion

In this study, we demonstrated that thin GO sheets
and GO–PCL nanofibrous meshes are biocompatible
substrates excellent for hSkMCs differentiation of CB-
hMSCs. Myoblast differentiation capability of GO
sheet was attributed to its surface change, and nano-

Figure 7. FESEMmicrographs showing formation ofmyotubes on glass and collagen controls (a), (b), GO sheets (c) andGO–PCL
meshes (d). Expression of the earlymyogenic differentiationmarkermyogenin-positive nuclei (green) on controls (e), (f), GO sheets
(g) andGO–PCLmeshes (h). Immunostaining ofMHC (green), respectively, on controls (i), (j), GO sheets (k) andGO–PCLmeshes
(l) and dystrophin (red) similarly on controls (m), (n), GO sheets (o) andGO–PCLmeshes (p). Nuclei were counterstainedwith
DAPI.
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structured surface morphology. In demand of cell
specific substrates for the next generation of TE
applications, the use of GO sheets and GO-based
polymer composite meshes might be considered as
most favourable candidates for skeletal muscle regen-
eration. Compared to GO, GO–PCL composite
meshes showed better biocompatibility. Addition of
GOnPs enhanced both conductivity and dielectric
constant of GO–PCLmeshes and provided supporting
cues stimulating highly oriented multinucleated myo-
tubes formation, similar to natural orientation, which
is highly desirable for the regeneration of functional
skeletal muscle.Moreover, the specific surface proper-
ties offered by GO-based biomaterials in combination
with multipotent mesenchymal stem cells obtained
from easily available UCB might be employed for the
regeneration of other tissues.
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